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Abstract
ABSTRACT
Several techniques for enumerating bacteria at surfaces were investigated. 
Epifluorescence was chosen as being the most suitable method. There was not a great 
increase in adhesion between samples exposed to bacteria for 2 h and those exposed for 
6 h. Sequential bacterial adhesion studies suggested that this may be due to a limiting 
number of suitable sites at the sample surface. Treatment of stainless steel samples 
with skimmed mille was shown to reduce the adhesion of several bacterial species. 
Individual milk proteins, a-, p-, K-casein and a-lactalbumin, also reduced the adhesion 
of S. aureus and L. monocytogenes to stainless steel surfaces. The casein proteins were 
demonstrated to be more effective at reducing bacterial adhesion than the globular 
protein, a-lactalbumin. Cross-linking of mobile protein chains with glutaraldehyde 
caused an increase in the numbers of bacteria attaching to the surface. Several surface 
analysis techniques were implemented in order to investigate further the relationship 
between bacteria and a protein-coated surface. X-ray photoelectron spectroscopy
Sbou-'Mcas akteL.
demonstrated that K-casein adsorbed to the^ surface in the largest amounts and a- 
lactalbumin the least. Thick layers of K-casein were also demonstrated at the surface 
using atomic force microscopy, whereas virtually no detail was observed with a- 
lactalbumin, again indicating lower adsorption. This appears to be the reason for the 
higher levels of bacterial adhesion at surfaces pre-treated with this protein. Atomic 
force microscopy of milk-treated surfaces produced images indicating a sparse 
background coverage with thicker protein deposits above this. Contact-mode imaging 
suggested that the surface of these structures comprised more loosely bound material. 
Combining this information with that provided by bacterial adhesion investigations and 
the effect of glutaraldehyde treatment upon milk, it is postulated that bacterial adhesion 
at a protein-covered surface is reduced as a result of steric forces generated by protein 
material extending into solution.
© Lai*a-Marie Barnes, 1998.
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Chapter 1 - Introduction
1.0 - INTRODUCTION
1.1 - An Historical Perspective
One of the earliest accounts of bacterial attachment to surfaces in an aquatic 
environment, was given by Henrici (1933). Acknowledging the shortcomings of studies 
involving pure culture isolation work, he made direct microscopic observations upon 
glass slides immersed in ponds and lakes enabling him to study organisms which may 
have been overlooked by traditional culture techniques. These organisms which were 
able to grow upon the surface, indicated by microcolony formation, were of various 
morphological types and in some cases the groups of cells were “surrounded by a sheath 
of gum which also serves to fasten the colony to the glass”. He concluded “It is quite 
evident that for the most part water bacteria are not free floating organisms, but grow 
upon submerged surfaces”.
Pioneering work by Zobell and Allen (1933) gave some insight into the diverse nature of 
this phenomenon. Landmark observations included noting the production of capsular 
material, variability in adhesive properties between bacterial strains, increased adhesion 
during the logarithmic growth phase and the effect of media composition. Further work 
suggested that in a marine environment, bacteria were the primary film components on 
submerged slides and that they were able to promote the attachment of other organisms 
(Zobell and Allen, 1934; Zobell and Anderson, 1936). Solid surfaces were believed to 
favour bacterial activity in dilute nutrient solutions for several reasons (Zobell and 
Anderson, 1936);
a) They provide a resting place for periphytes
b) Nutrients may become concentrated in a film upon the surface
c) The system involving the solid surface, microbial capsular material and adsorbed 
organic matter may serve to retain exo-enzymes to aid digestion.
Bacterial adhesion was shown not only to vary in its tenacity, but it was noted that an 
alteration in substrate surface properties occurred as a result of the interaction
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(Zvyagintsev, 1958). Slowly, the importance of sessile organisms came to be recognised. 
In 1978, Geesey et al. demonstrated that the epilithic population of streams were more 
important than their free-floating counterparts and that adhesion appeared to be 
mediated by a network of fibres. It was proposed that slime-enmeshed microcolonies 
constituted functional communities within which most bacteria lived. Their existence 
has now been studied in relation to a multitude of environments. Bacteria which exist as 
attached particles at interfaces constitute a ‘biofilm’. Definitions are discussed in 1.2.
1.2 - What are bacterial biofilms?
The biofilm concept spans virtually all subdivisions of microbiology, from medical, 
dental and industrial, to agricultural and environmental. The formation of such films 
occurs as the result of microbial colonisation of surfaces followed by their subsequent 
succession and development. The advantages conferred upon a cell through the biofilm 
mode of growth have led to functional predominance in most natural aquatic systems 
(Costerton et al., 1994) and they are considered ubiquitous in such environments, with 
adhesion an essential pre-requisite to normal life and reproduction (Allison and Gilbert, 
1992).
For many years, bacterial physiological studies have involved the use of planktonic 
populations, providing vital information concerning areas such as growth, metabolism 
and antibiotic susceptibility. In reality, microbial existence rarely occurs in a planktonic 
state, which could in fact only represent the simplest mode of growth, serving a dispersal 
purpose, unrepresentative of natural environmental situations. It has been estimated that 
more than 99% of the planet’s bacteria exist as biofilm communities (Costerton, 1996). 
Whilst planktonic cell studies have made an invaluable contribution to our understanding 
of the bacterial way of life, it has since been recognised that many of the results obtained 
by such studies cannot be extrapolated for biofilm interpretation. The surge of interest 
in biofilms has stemmed largely from the realisation that these cells are not simply 
planlctonic cells which have ‘stuck’. Gradually, more and more discoveries are being 
made which indicate that these cells are phenotypically distinct from planktonic cells of 
the same species. It is estimated for example that 30-40% of the proteins present in the
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bacterial cell wall differ between biofilm organisms and their free-floating equivalents. 
In addition, upon contact with a surface some organisms have been shown to activate 
certain genes, such as Ps.aeruginosa which has been shown to switch on alginate 
production genes (Costerton, 1996).
The key to the success of these systems appears to lie in their ability to adapt to an 
enormous range of environments. In contrast to planktonic organisms, many species of 
these sessile bacteria may interact to form a consortium, operating in their own suitable 
micro-environment, a far more efficient way of life. The pooling of biochemical 
resources through commune formation results in a group of bacteria being able to 
perform metabolic tasks which individual bacteria could not perform alone, making these 
groups successful colonisers. In summation, “The biofilm comprises a complex 
architecture, thus each cell exists in a distinct microhabitat, its surroundings influenced 
by neighbouring pells” (Costerton et al, 1994). Costerton et al. (1995) concluded that: 
each biofilm bacterium lives in a customised micro-niche in a complex microbial 
community that has primitive homeostasis, a primitive circulatory system and displays 
cooperative metabolism, and each o f these sessile cells reacts to its special environment 
so that it differs fundamentally from a planldonic cell o f the same species.
As biofilm structures have adapted to an enormous range of environments, a definition 
must thus encompass its many different forms. In their most extensive state, biofilms 
may be seen with the naked eye in a form that many would commonly refer to as ‘slime’, 
coating pipes, drains and rocks for example. However, a biofilm may equally consist of 
a single layer of cells at a surface. Characklis and Marshall (1990) used a number of key 
points to describe and define the heterogeneic nature of such structures:
A biofilm consists o f cells immobilised at a substratum and frequently embedded
in an organic polymer matrix o f microbial origin.
They noted that a biofilm could comprise a monolayer or a multi-cellular layer, 
providing a variety of micro-environments, thus:
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A biofilm is a surface accumulation which is not necessarily uniform in time or 
space.
A film composed of predominantly microbes and their products, such as extracellular 
polymers, may also contain entrapped materials such as solutes or particles;
A biofilm may be composed o f a significant fraction o f inorganic or abiotic 
substances held together by the biotic matrix.
The advantages and disadvantages of a consensus biofilm model have been discussed 
(Handley, 1995; Stoodley et al., 1997) but a universal theory appears to have eluded 
researchers at present. Given the enormous diversity of biofilm occurrence, this may be 
appropriate.
In more recent years, following the development of more sophisticated microscopical 
techniques, scientists have far more opportunity to observe such organisms in a more 
natural environment. The advent of tools such as Confocal Scanning Laser Microscopy 
(CSLM) allows the visualisation of functional, intact and fully hydrated systems, 
something which techniques involving high vacuums previously prevented, except for 
rare ‘environmental’ Scanning Electron Microscopes (SEMs). This has allowed for the 
identification of certain common features and the picture is now quite different. Studies 
utilising CSLM and micro-electrode techniques have advanced the field in areas such as 
biofilm architecture (Costerton et al., 1994; DeBeer et a l, 1994b; Lawrence et a l, 1991; 
Stoodley et a/., 1994), convective flow patterns (Lewandowski et a l, 1992, 1993, 1994, 
1995) and oxygen distribution (DeBeer, 1994a; Lewandowski, 1993).
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1.3 -  Mechanisms of bacterial adhesion to surfaces
A background to adhesion and biofilm formation has been given, but for such structures 
to form, it is necessary for cells to first make contact with a surface and to persist there. 
Adhesion is a complex phenomenon involving a wide range of parameters, the result 
being that adhesion for a range of different organisms to a range of different surfaces is 
difficult to predict.
Zobell (1943) suggested that following the attraction of a bacterium to a surface, firm 
attachment required several hours. He also suggested that adsorption consists of two 
phases involving initial attraction and then subsequent firm attachment. Adhesion has 
been further desçribed as a two-step process (Marshall et al., 1971) and a three-step 
process (Busscher and Weerkamp, 1987). Both of these descriptions involve the 
concept of a reversible and irreversible adhesion phase. Marshall suggests an initial step 
involving the bacterium being brought close enough to the surface for reversible contact 
to be made, followed by a second time-dependent step allowing the production of 
extracellular polysaccharide (EPS) resulting in firm attachment. A number of groups 
have reported thç production of EPS during attachment to solid surfaces (Fletcher and 
Floodgate, 1973; Lewis et al., 1987; Mafu et al., 1990; Marshall et al., 1971). EPS 
produced by a pseudomonad was shown to be an acidic polysaccharide (Fletcher and 
Floodgate, 1973). A number of groups have also reported the production of fibrous 
polymeric material (Schwach and Zottola, 1982; Herald and Zottola, 1988b) although it 
has been suggested that this fibrous appearance is a result of the specimen preparation 
methods employed during scanning electron microscopy (Fraser and Gilmour, 1986). 
The reversible sorption is an instantaneous attraction of bacteria to the surface where 
they are held weakly, exhibiting Brownian motion. Irreversible sorption results in firm 
adhesion and no Brownian motion. The initial step requires that the attractive forces are 
greater than the repulsive forces between cell and surface.
A six-step mechanism (Allison and Gilbert, 1992) describes the steps involved in biofilm 
formation from initial conditioning of the substratum to the events involved in biofilm
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maturation. An out line of this is given below.
Stage I: Adsorption of a conditioning film.
This usually involves organics from the surrounding aqueous phase which arrive at the 
surface by mass transfer or molecular diffusion. The establishment of adsorbed layers 
has been demonstrated universally (Chamberlain, 1992) and it is known that the 
conditioning layer may alter the properties of the substratum, which will thus influence 
bacterial adhesion. Such layers will be further discussed in Chapter 4.
Stage n: Reversible attachment.
This involves the approach of the micro-organism to the surface. The process may be 
active or passive depending upon whether or not the organism is motile. The cells at 
this point are reversibly attached and may desorb due to shear forces.
Stage III: Irreversible attachment.
Although repulsive forces prevent direct contact between bacterium and surface, contact 
may be made through surface appendages such as flagella or fimbriae. Cells can hover 
and participate in a variety of short-range forces. The bacteria may become irreversibly 
attached through polymer bridging.
Stage IV: Micro-colony formation.
In the formation of a mature biofilm, growth and division of primary colonising cells will 
take place and secretion of extra-cellular polysaccharides will form a matrix.
Stage V: Biofilm formation.
Continued growth gives rise to a multi-layered structure and the biofilm finally reaches a 
plateau phase, which has a definitive thickness and metabolic capacity.
Stage VI: Biofilm detachment and dispersal.
Shear forces may lead to sloughing off* of the biofilm. Under particular nutrient
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starvation, deep cells may die and cause collapse of the film, thus promoting sloughing.
All surfaces possess physicochemical characteristics which may influence the adhesion of 
bacteria and molecules. Various parameters have been tested as a means of predicting 
the adsorption of bacteria to surfaces, although these remain complicated as 
microorganisms are far fi'om being ideal particles having neither simple geometry nor 
uniform molecular composition (Rutter and Vincent, 1984). Constant chemical 
reactions may lead to changes both on the inside and outside of cells. However, two 
main theories exist as to the mechanisms which may be involved in adhesion, which will 
now be discussed (Marshall, 1976; Rutter and Vincent, 1984; Busscher and Weerkamp, 
1987; Van Loosdrecht a/., 1990a; Van Loosdrecht or/., 1990b; Oliveira, 1992).
1.3.1 -  The DLVO theory
The work of Marshall et al. (1971), which indicated that electrolyte concentration and 
valency had an effect upon reversible adhesion of bacteria, led the authors to explain 
their observations in terms of the Derjaguin-Landau (1941) and Verwey-Overbeek 
(1948) theory, developed for colloidal systems. This theory involves an estimation of the 
size and variation with inter-particle distance, of both the London-van der Waal’s 
attractive energies between two surfaces and the electrical repulsive energies which 
result from overlapping ionic atmospheres. The interactions are given as:
F r ( 0 = V j 0 + K (0  (Eq.l)
Where, is the Total Interaction Energy of a particle as a function of its separation 
distance (/), which is the sum of van der Waal’s attraction and electrostatic 
interaction Van der Waal’s forces arise due to a correlation in electronic
movement, resulting in attraction of two atoms for one another. Electrostatic interaction 
is a repulsive force due to the overlap of electrostatic double layers. The majority of 
solid bodies will acquire an electrical surface charge when immersed in an aqueous 
environment. This may be due to ion adsorption and the charged surface will promote
Chapter 1 - Introduction
redistribution of ions. Co-ions will be repelled from the surface and counter-ions 
attracted, thus the electrostatic potential decreases from the charged surface through the 
diffuse layer attaining a null value in the bulk fluid (Oliveira, 1992). Evaluations of the 
electrostatic potential may be attained through measurements of electrokinetic (zeta [Ç]) 
potentials. When two charged bodies approach, interpenetration of their double-layers 
promotes repulsion between them. By convention, repulsive interactions are expressed 
as positive values and attractive interactions expressed as negative values. Thus, a 
typical profile for total potential energy of interaction is given as below in Figure 1.1.
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Figure 1.1 -  Total potential energy profile according to DLVO theory.
(From Oliveira, 1992)
Because at short distances other interactions also play a role, the DLVO theory can only 
be used if the separation distance is greater than 1 nm (van Loosdrecht et al., 1989). 
The DLVO theory predicts that attraction may take place at two places, that is, where 
only very small distances separate the surface and the substratum (approximately 1 nm) 
and at greater separations (5-10 nm). These regions are referred to as the primary and 
the secondary minimum respectively, of which maximum stability is attained at the 
primary minimum. The possibility of two repulsion minima may aid the explanation of 
adhesion in terms of reversible attachment (where cells are capable of Brownian motion 
and may be removed by washing) and irreversible attachment (no Brownian motion and 
cannot be removed by simple washing), occurring at the secondary and primary minima
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respectively. Between these two regions is a level of maximum repulsion (because both 
cell and substratum generally carry a net negative charge). Figure I.l illustrates the 
forces involved.
The magnitude of repulsion is influenced by factors such as the surface potential of both 
cell and substratum, the separation distance and the electrolyte concentration. 
Increasing electrolyte concentration causes a reduction in the repulsion barrier due to 
suppression of the double-layer. At lower electrolyte concentrations, the repulsion 
barrier is greater and will be difficult to overcome. At intermediate electrolyte 
concentrations, the presence of a free energy barrier is still apparent but is much smaller. 
Thus, a proportion of particle collisions with the surface will result in effectively 
permanent contacts being made where the particle resides at the primary minimum 
(Rutter and Vincent, 1984). This effect of electrolyte concentration upon bacterial 
adhesion was noted by Marshall et al. (1971). The effect of electrolyte concentration is 
given in Figure 1.2.
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Figure 1.2 -  Interaction free energy (G) versus separation (h) curves as a function of 
electrolyte concentration for a charged particle approaching a macroscopic surface of the
same sign.
(Rutter and Vincent, 1984)
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Marshall et al. (1971) concluded that the reversible sorption of a marine pseudomonad 
was due to it being held at a secondary minimum. It was demonstrated in this study that 
the organism could break away from the surface. Irreversible adsorption of this 
organism was discussed in terms of polymeric bridging between the surface and the 
bacterium, which may overcome the repulsion barrier between the two surfaces. Where 
the surface and particle are of opposite sign, the net effect is a strong attraction, which 
decreases with increasing bulk electrolyte concentration.
This theory was originally developed to describe shear-free systems, thus, fluid 
movement in natural systems must be accounted for. Also, although bacteria are of 
similar size to colloidal particles, they are living systems exhibiting pH and ion gradients. 
Further to this, due to the presence of cellular appendages, bacteria are able to reduce 
their effective cell diameter in the maximum repulsion region by reducing repulsive 
effects which are dependent upon radius of curvature.
As behaviour of bacteria does not always follow that predicted by DLVO theory, there is 
a suggestion that whilst long-range forces may influence the approach of the bacterium 
to a surface, other forces may dictate whether or not adhesion takes place. Other types 
of force may act at short or intermediate distances, either attractive or repulsive, which 
may also affect the adhesion process. These include hydrophobic interactions and steric 
forces. Generally, the number of collisions made with a surface are far higher than the 
number of attachments made. For attachment to occur, it is necessary that the cells be 
held long enough at the primary or secondary minimum for polymer links to be made.
In many natural systems, polymers may adsorb to the solid surface or the bacterial 
surface and may influence the adhesion process as follows (van Loosdrecht et al., 
1990a):
i) The presence of adsorbed polymer may quantitatively change the Van de Waal’s 
interaction and the electrostatic interaction
ii) If polymers adsorb and coat both the bacterial and the solid surface, an extra
11
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repulsive interaction must be accounted for, that of steric hindrance
iii) If only one of the surfaces is coated with polymer, or if both surfaces are partially 
coated, polymer bridging may occur. This bridging is strong and lowers the 
Gibbs energy.
iv) When the adsorbed polymers bear charges, these too will have an effective role
For ii and iii to occur, the layers must be loosely structured, such that the polymer chains 
protrude into solution over a distance which exceeds that of the electrical double layer, 
thus the adsorbed layers interfere before the electrical double layers overlap. Adsorbed 
layers will be discussed further in Chapter 4.
1.3.2 -  Interfacial Gibbs energy approach
This theory is based upon the destruction and creation of interfaces. When describing 
bacterial adhesion, it is assumed that the interfaces between solid/liquid (SL) and 
bacterium/liquid (BL) are replaced by solid/bacterium (SB) interface (van Loosdrecht et 
al., 1990b). The principle is the change in the interfacial excess Gibbs energy upon 
adhesion (AaduG”) described by:
AadhG" = Gsb" - Gsl" - Gbl" (Eq.2)
According to Absolom et al. (1983), bacterial adhesion is likely to occur if the process 
causes the free energy of the system to decrease, i.e. when aduG'" is negative, adhesion is 
thermodynamically favoured and will proceed spontaneously.
If molecular composition of the interface, pressure and temperature do not change, 
Equation 2 may be expressed as a balance of interfacial tensions, y:
AadhG = ysb - ysl - ybl (Eq. 3)
where ysb is the interfacial tension between the substratum and the bacterial phase, ysl is 
the interfacial tension between the substratum and liquid phase and ybl is the interfacial
_
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tension between the bacteria and liquid phase. Equations 2 and 3 apply if both surfaces 
make direct contact. The approaches for the calculation of the interfacial tension are 
based on Young’s equation, which correlates the contact angle , 9, formed by a drop of 
liquid on a solid surface with the interfacial free energies of the three contacting phases;
COS0 ylv = ysv - ysl (Eq. 4)
Where T  stands for liquid, ‘v’ for vapour and ‘s’ for solid. It follows that for a given 
liquid, COS0 will depend upon the difference between ysv and ysl. The smaller ysl is (the 
more alike the surface properties of the solid and the liquid), the higher cos0. The 
contact angle of water is thus large (making cos0 small) when many non-polar 
hydrophobic groups are present. Van Loosdrecht et al. (1990a) suggest that rather than 
calculating Gibbs energies from contact angles, the contact angles themselves be used as 
a measure of hydrophobicity.
If water is used as the liquid to measure contact angle, the data reflect a feature of solid 
surfaces referred to as wettability (Oliveira, 1992). The degree of wettability divides 
surfaces into those which are hydrophobic and those which are hydrophilic. A contact 
angle of 0° should thus have a surface tension equal to the surface free energy of the 
surface. An increase in contact angle indicates an increase in hydrophobicity and hence 
a decrease in surface free energy.
1.3.3 -  Reported effects of the influence of bacterial and substratum 
characteristics
van Loosdrecht et al. (1990a) explained the adhesion of a number of bacteria in terms of 
both hydrophobic and electrostatic interactions. Hydrophobicity was found to play the 
most important role in the adhesion of bacteria to a hydrophobic, negatively charged 
surface. At higher contact angles, more adhesion occurs. However, with a more 
hydrophilic cell surface, the electrokinetic potential was found to become more 
influential. The adhesion of bacteria to glass (hydrophilic with a high charge density) 
was strongly affected by electrophoretic mobility of the bacterial cells and only weakly
_
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by contact angle, indicating that glass would be preferentially colonised by low-charged 
cells. The results produced by this group show that a bacterium which adheres well to 
one type of surface does not necessarily adhere well to all types of surface. Fletcher and 
Loeb (1979) also concluded that both electrostatic and hydrophobic interactions were 
involved as a result of their study of the adhesion of a marine pseudomonad to a number 
of different surfaces. The number of bacteria attaching was found to be related to the 
surface charge and the degree of hydrophobicity of the substratum. Large numbers 
attached to hydrophobic plastics with little surface charge (Teflon, polyethylene, 
polystyrene, poly(ethyIene terephthalate)), moderate numbers to positively charged 
hydrophilic surfaces (platinum) and neutral hydrophilic surfaces (germanium). Very few 
organisms attached to negatively charged hydrophilic surfaces such as glass and mica. 
The data illustrated the importance of charge at hydrophilic substrata and the importance 
of wettability at hydrophobic substrata.
Results from attachment studies to polystyrene (McEldowney and Fletcher, 1986a) also 
indicated that adhesion could not be attributed to any one type of interaction, with 
evidence for both electrostatic and hydrophobic interactions obtained. Detergents 
desorbed all organisms from some of the substrates indicating the involvement of 
hydrophobic interactions. Similar conclusions were drawn by Ludwicka et al. (1984), 
where the adhesion of staphylococci was shown not to be the result of a single factor. 
Bacterial adhesion reduced with decreasing contact angle of synthetic materials and 
negatively charged and hydrophilic polymers resulted in a reduced staphylococcal 
attachment. Coating the surfaces with lysozyme reduced contact angles to virtually 0° 
and decreased attachment. Differences in attachment of Pseudomonas spp. to Petri- 
dishes and tissue culture dishes also indicated a difference in adhesion mechanisms 
between the two different substrata. Clean Petri-dishes exhibited a high contact angle 
whereas those for tissue-culture dishes were relatively low (due to corona discharge 
treatment, inducing carboxyl and hydroxyl groups).
Wiencek and Fletcher (1992) found that many cells at a glass surface, rendered 
hydrophobic, occurred at a primary minimum separation distance, whereas those
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attached to un-coated hydrophilic glass did not. Cells adhered to the hydrophobic 
surface were also more difficult to remove whereas those adhered to the hydrophilic 
surface appeared to involve weaker interactions, requiring much lower flow-rates for 
their removal. The cells adhered to the hydrophobic substratum did not exhibit the 
Brownian motion associated with reversible adhesion in contrast to those at the glass 
surface which continued to exhibit Brownian motion after two hours.
Surface charge, as determined by electrophoretic mobility and electrostatic interaction 
chromatography, is predominantly negative for most bacteria, but has been shown to 
vary with culture conditions (Gilbert et ah, 1991) and to be temperature dependent 
(Lachica and Zink, 1989). Bacterial cell hydrophobicity may be measured in a number 
of ways: adhesion to hydrocarbons (BATH test), salt aggregation tests, contact angle 
measurements and hydrophobic interaction chromatography. Hydrophobicity is 
generally associated with an increase in ability to adhere to surfaces, although the 
literature contains both supporting and conflicting evidence towards this general view.
72% of oral bacteria adhered to hexadecane in the BATH test, indicating that 
hydrophobicity may play an important role in the adhesion of oral species to the tooth 
surface (Weiss et ah, 1982). With few exceptions, cells were either predominantly 
adherent (>90%) or not at all adherent (<I0%). Parment et ah (1992), also used the 
BATH test to measure the hydrophobicity of Seiratia marcescens attaching to contact 
lenses, but found that this parameter did not correlate with the degree of adherence to 
contact lens polymers which are hydrophilic. Despite this, an excellent correlation was 
found between adhesion and water content of the lens polymers. This suggested that 
other factors interact with hydrophobicity in causing adherence to plastics. Klotz et al. 
(1989) found that isolates with a greater tendency to adhere were more hydrophobic and 
that adhesion could be inhibited by surfactants by as much as 52%.
Examination of cell surface charge and hydrophobicity for a number of bacteria indicated 
a wide variation in results between the various methods for hydrophobicity 
determination (Dickson and Koohmarie, 1989). Relative negative charge on the
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bacterial cell surface correlated linearly with initial attachment to beef muscle and fat 
tissue, although hydrophobicity was found only to correlate with attachment to fat 
tissue. Further investigation into attachment to beef tissues using ‘rough’ strains of 
Listeria monocytogenes, indicated an increase in net negative charge was associated 
with a decrease in ability to contaminate beef tissue in the early stages of attachment. 
This again suggests that the ability to attach cannot solely be explained by surface 
charge. In this particular study, rough strains of Listeria showed a reduced ability to 
adhere compared to smooth strains. It was noted that rough strains lack several proteins 
in their walls, including an essential virulence factor, which may relate to the results 
obtained.
Jacques et al. (1986) reported a significant correlation between cell surface 
hydrophobicity and adhesion. The adhesion of 7 microbial species to lUC devices of 3 
different materials (polypropylene, polyethylene and ethylene-acetate), proved to be 
dependent upon the material composition, the organism and the duration of contact. 
However, the predominant organism in most cases, was a Group B Streptococcus, which 
was the most hydrophobic of the organisms. Hydrophobicity apparently does not 
always show such a correlation with adhesion. Although the trend remained true for 
S.epidermidis in ^ study of adhesion to glass, with both cell surface electronegativity and 
hydrophobicity correlating with adhesion, this was not the case for E.coli (Gilbert et al., 
1991). Throughout exponential growth, E.coli remained hydrophilic, although 
S.epidermidis appeared to vary in its hydrophilicity. Implementing the scheme proposed 
by van Loosdrecht (1987), adhesion of hydrophobic organisms such as Staphylococcus 
may be dominated by thermodynamic features such as hydrophobicity, irrespective of 
surface charge. Adhesion of hydrophilic organisms such as E.coli, may be governed 
predominantly by electrokinetic potential. Similar evidence has been put forward 
suggesting that for Vibjio proteolytica, there are two separate mechanisms for adhesion 
to hydrophobic and hydrophilic substrates (Paul and Jeffrey, 1985).
Van Loosdrecht et al. (1987) were in agreement with other reports that bacteria tend to 
be more hydrophobic at high growth rates and that the effect of electroldnetic potential
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increases with decreasing hydrophobicity. At high contact angles, complete adhesion 
occurred irrespective of mobility. At more hydrophilic surfaces, electropotential 
becomes more influential and cells are able to adhere at the secondary minimum. 
Relatively hydrophobic cells can also have a high electropotential, but the charged 
groups (e.g. carboxyl groups) may occupy only a small fraction of the total surface area. 
Figure 1.3 below indicates a proposed relationship between bacterial adhesion, cell 
surface characteristics and hydrophobicity.
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Figure 1.3 - Relationship between bacterial adhesion to sulphated polystyrene (A) and glass 
(B) and cell surface characteristics as determined by electrophoretic mobility and contact
angle measurements.
(Van Loosdrecht et al., 1990)
Although these physicochemical approaches are often used in order to explain and 
predict bacterial adhesion, they do not take into account other factors such as the 
condition of the outer cell surface, bacterial adaptation, nor do they do more than 
assume a surface which is energetically homogeneous and smooth. This may explain a
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degree of variability in the experimental results obtained. A variety of influences may 
affect the process of bacterial adhesion to surfaces. These include properties of the 
bacterium, the substratum and the surrounding bulk fluid (Daniels, 1980). A number of 
these factors are discussed below.
1.4 “ Factors which may affect bacterial adhesion to surfaces 
1,4.1 - Motility
It would perhaps be expected that in static systems, motile bacteria may have an 
advantage over non-motile bacteria in that motility would result in an increased number 
of collisions with a surface, thus increasing the likelihood of adhesion taking place. 
Further to this, due to a small cross-sectional area, such cell appendages are more likely 
to penetrate the potential energy barrier experienced at a surface. However, the reports 
upon motility and its relationship with bacterial attachment appear to be somewhat 
conflicting in their conclusions. Stanley (1983) attributed a 90% decrease in 
Pseudomonas aeruginosa adhesion to loss of motility and not the loss of a structure, 
when flagella were removed. Motility was also shown to be important in the adhesion 
of Listeria monocytogenes to glass, where more motile than non-motile cells attached 
(Dickson and Daniels, 1991). In addition to this, the workers observed a significant 
difference in the relative negative charge of the motile and non-motile cells, which may 
have been a contributory factor.
Sjoblad and Doetsch (1982) found that their deflagellated organisms did not attach to 
glass, although if the organisms were rendered immobile with sodium azide, they would 
adsorb to glass and were not readily removed. They suggested that flagella should be 
recognised as attachment organelles. This group of workers also noted a rotation which 
occurred upon initial attachment and which lasted between seconds and minutes. A 
similar rotation had been previously noted by Meadows (1971), who observed that 
bacteria attached to a surface at one end and rotated in either a clockwise or counter- 
cloclcwise manner. When treated with UV irradiation cells attached in the same manner
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as living cells, although cells destroyed by treatment with heat or formalin attached to a 
lesser extent.
There is however, evidence which contradicts the importance of motility. McSweegan 
and Walker (1986) did not consistently find flagella on attached cells and concluded that 
flagella may facilitate an initial attachment, but that rotary action may prevent long term 
attachment. Herald and Zottola (1988a) found a variation in the number of flagella 
linked to the incubation temperature and in a later study (1989), claimed that removal of 
flagella did not show a significant effect upon attachment, suggesting the involvement of 
a polysaccharide perhaps. At 35°C, cells were viewed to have a single flagellum. At 
21°C, 2-3 flagella were present while at 10°C very few cells were observed and some of 
these cells possessed several non-polar flagella. Results from Speers and Gilmour 
(1985) demonstrated little correlation between motility and adhesion. In their study 
upon the influence of milk on bacterial attachment, motile organisms showed both the 
highest and the lowest attachment rates.
1,4.2- Electrolytes
An increase in electrolyte concentration is paralleled by a fall in electrophoretic mobility 
of particles due to compression of the electrical double-layer. The DLVO model 
proposes that electrostatic forces are reduced by increased electrolyte concentration and 
that at high electrolyte concentrations, the repulsion barrier is eliminated thus inducing a 
higher deposition rate. At lower electrolyte concentrations, electrostatic repulsion may 
therefore play an important role in the tendency to adhere. Bacteria do not always 
behave as predicted at high ionic strengths and this suggests that a fiirther barrier to 
attachment is operating.
Marshall et al. (1971) showed that the ionic strength of the suspending medium had a 
large effect upon the separation distance between a surface and the approaching 
bacterium and at high electrolyte concentrations, the electrical double-layer is 
suppressed and the secondary minimum is apparent. Abbot et al. (1983) also 
demonstrated the influence of the ionic strength of the suspending medium, upon
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bacterial adhesion. Using Interference Reflection Microscopy (IRM), Fletcher (1988b) 
was able to judge the effect of electrolyte addition upon a range of freshwater, marine 
and estuarine isolates. This technique allows changes in the distance between bacterium 
and surface to be visualised by means of image formation. Addition of 5 mM calcium 
chloride or 75-125 mM lanthanum chloride decreased cell-surface separation for 
freshwater isolates. However, the addition of calcium chloride to marine isolates caused 
little change in the image. The results obtained in this study suggest that electrostatic 
repulsion is of little significance in the marine environment where salt concentrations are 
elevated. IRM also suggested firm attachment (no Brownian movement, resistance to 
rinsing) at distanpes comparable to the secondary minimum. Further work carried out 
by Fletcher (1988a) indicated that the minimum concentration of electrolyte required to 
cause a decrease in cell-surface separation distance was dependent upon the particular 
electrolyte used. The effects of Na^ addition were fully reversible for two strains, Ca^  ^
and La^  ^ fully reversible for one strain and partially reversible for the other and Fe^  ^
irreversible for both, when electrolyte solutions were replaced with distilled water. If 
electrolytes affected only electrostatic interactions Aan a trend may be expected where 
La^  ^ produces a greater effect than calcium, which would be greater than sodium. 
However, no difference was observed in the amount of Na^ and Ca^  ^required.
Stanley (1983) demonstrated that an increase in CaCk or NaCl up to a level of 100 mM 
was accompanied by an increase in attachment, which decreased above such 
concentrations. Similar results were obtained by Gordon and Millero (1984) who 
observed that at low concentrations (0.1 M), bacteria exhibited an increased affinity for 
a hydroxy apatite surface. However, at higher concentrations, the affinity of the bacteria 
for the surface decreased with increasing concentration. Lo (1992) found that the 
attachment of S.mreus to untreated and milk-treated stainless steel was very low in RO 
water and also in dilute KCl and NaHCOg In dilute CaCl2, however, the numbers were 
higher for untreated steel although numbers for milk-treated steel remained low.
Adhesion to polystyrene has been shown to vary according to bacterial species, 
substratum and electrolyte type and concentration (McEldowney and Fletcher, 1986a),
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although there appeared to be no correlation between electrolyte valence or 
concentration and adhesion. Promotion of adhesion was uncommon and in some cases 
adhesion was inhibited by electrolytes. Duddridge et al. (1981) found that a number of 
metal cations in solution reduced the attachment of Ps. fluorescens.
In freshwater, an increase in electrolyte concentration could result in a) a reduction in 
repulsion between negatively charged surfaces, b) reduction in repulsion between 
negative groups on polymers, therefore if the polymer condenses, the bacterium is drawn 
closer to the surface. It is possible that cations could promote attachment through 
cross-linking anionic groups on the bacterial and substratum surface (Okada et al., 
1974).
1.4.3 - Temperature and pH
As adhesion of bacteria to surfaces has been recorded in a wide variety of environments, 
it is evident that the adhesion process may take place over a wide range of temperatures 
and pH values. Early work by Fletcher (1977) indicated that temperature had a 
significant effect on the adhesion of a marine pseudomonad to polystyrene. The number 
of cells attaching to the surface was reduced at 3°C as compared to 20°C. The author 
postulated that reducing the temperature may cause a number of effects: an increase in 
viscosity of the medium or of surface polymers, a reduction in chemisorption or certain 
types of physical adsorption of solutes from solution and a possible impact upon 
organism’s physiology. The adsorption of L.monocytogenes has been documented at 
both ambient temperature and 4°C (Mafu et al., 1990). The time required for adhesion 
to take place was reported as being 1 hour at the lower temperature, whereas at ambient 
temperature, adhesion occurred after 20 minutes. Hood and Zottola (1992) produced 
laboratory films of Ps.fragi, L.monocytogenes and E.coli. All of these organisms readily 
formed biofilms, although it was noted that significantly less biofilm was formed at sub- 
optimal temperatures. Stone and Zottola (1985) observed no difference between the 
adhesion of Ps.fragi at 4°C and 25°C. Duddridge et al. (1981) found that under 
conditions of zero flow, adhesion of Ps.fluorescens was lowest at 4°C, greatest at 35°C 
with significant adhesion still occurring between 45-55°C. The authors also found pH to
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be a significant factor, with adhesion decreasing rapidly when the suspending medium 
was at pH 8.0-10.5. The pH of the suspending medium will determine the degree of 
protonation of groups associated with the bacterial cell wall and extracellular polymers. 
This will affect electrostatic charges and thus pH can lead to changes in attractive and 
repulsive forces.
A pH of 5.0, 7.0 and 9.0 was shown to have little effect upon detachment of four 
bacterial species (McEldowney and Fletcher, 1986a). Helke and Wong (1994) 
considered the best pH for attachment of Listeria monocytogenes was pH 7-8, which 
coincides with the optimum pH for growth, thus resulting in the highest metabolic 
activity. Stanley (1983) found the attachment of Ps.aeruginosa greatest at pH 7-8, a 
conclusion supported by the work of Herald and Zottola (1989) who observed greatest 
adhesion of Ps.fragi at pH 7. The study by Stanley (1983) noted that non-viable cells 
appeared to attach at a lower pH.
Changes in pH have also been associated with changes in the presence of flagella and 
fibrils. Herald and Zottola (1988a) observed fewer adhesion structures at pH 5 than at 
pH 8 at the same temperature.
1.4.4 -  Culture age, concentration and contact time
Numbers of attached organisms increase with the culture concentration until a saturation 
point is reached (Fletcher, 1977). This is generally explained in terms of an increase in 
the number of bacterial collisions with the surface. Duddridge et al. (1981) also 
observed an increase in adhesion with an increase in culture concentration, up to 5 x 10^  
cells ml"\ with only small increases thereafter. Cell concentration has also been found to 
affect the attachment of both S.typhimurium and L.monocytogenes (Dickson and 
Daniels, 1991). The same authors demonstrated that surface film thickness (i.e. the 
thickness of the bacterial suspension at the surface) affected the numbers of 
S.typhimurium cells attaching during the initial periods, but after 10 minutes film 
thickness caused no significant effect. Surface film thickness did not significantly affect 
the adhesion of L.monocytogenes. The same principle may be applied to contact time.
2 2
Chapter 1 - Introduction
Thus, the longer the contact time, the higher the level of adhesion. This effect was 
observed by Duddridge et al. (1981) and Herald and Zottola (1988b). Adhesion has 
been shown to take place after periods as short as 1 minute (Stanley, 1983), 20 minutes 
at ambient temperatures (Mafu et al., 1990) and 1 h at 4°C (Mafu et al., 1990). Further 
incubation did not produce further attachment but did result in an increase in 
extracellular materials. It is important to make the distinction at this point between an 
increase in the number of adhered cells and proliferation. With the appropriate 
conditions, adhered cells will multiply at a surface to form microcolonies. This is 
distinct however from an increase in the number of cells at a surface due to continued 
recruitment from the bulk medium. Proliferation at surfaces has also been described 
(Lewis etal., 1987; Wirtanen and Mattila-Sandholm, 1993).
The numbers of attached organisms and the rate at which they attach has been reported 
to be greatest in the log phase of growth, reducing considerably in the stationary phase 
and even more so during the death phase (Fletcher, 1977). Fletcher accounted for this 
by suggesting that age may cause changes in the quality and/or quantity of cell surface 
polymers. Alternatively, the log-phase may have contained the largest proportion of 
motile cells (although contradictory effects are described in the literature concerning 
motility, Section 1.4.1). Spencely et al. (1992) observed maximal attachment of 
Serratia liquefaciens during the exponential phase of growth. Conversely, Duddridge et 
al. (1981) reported that under static conditions, cells of Ps.fluorescens in late 
exponential phase exhibited the highest attachment. Stanley (1983) reported that 
adhesion reduced by only 50% when the number of viable cells was reduced by 4.7 log 
units, due to heat or formaldehyde treatment. Powell and Slater (1982) found that the 
removal of cells through utilisation of shear forces was more readily achieved with cells 
from the exponential phase than with those from stationary phase cultures.
1.4.5 - Dynamic conditions
Transport of cells and nutrients to a surface takes place by Brownian diffusion along a 
concentration gradient in the absence of flow. Thus, adhesion will usually increase with 
time and cell concentration as previously described. By increasing flow velocity the
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thickness of the difiusion layer is reduced. Turbulent flow will greatly increase mass 
transport to the surface. Thus, rapid adhesion should be favoured. However, at higher 
velocities, shear forces will operate, inhibiting microbial attachment and perhaps even 
causing sloughing of cells to occur (Duddridge and Pritchard, 1983).
Bacterial attachment to surfaces may be more eflicient under dynamic conditions than in 
static batch systems (Rijnaarts et al., 1993) yet colonisation has been shown to decrease 
with increased fluid velocity due to elevated shear forces, with highest colonisation 
occurring at zero flow (Wolfaardt and Cloete, 1992). In hot water distribution pipes, 
Percival et al. (1997a) observed greater bacterial attachment to the pipe walls under 
stagnant conditions than under flowing conditions. Duddridge and Pritchard (1983) 
were able to demonstrate that initial attachment rates decreased with an increase in 
surface shear, up to a ‘critical’ value. Beyond this value, the level of attachment 
remained low but significant. In flowing systems, adhesion has been observed to take 
place preferentially in zones of least turbulence (Duddridge et al., 1981). However, cells 
already established at the surface exhibited tenacious adherence as relatively high shear 
forces were resisted. Again, beyond a ‘critical’ value, detachment readily took place.
The attachment of L.monocytogenes was reduced when grown in a ‘shaking’ 
environment (Herald and Zottola, 1988a), yet Speers and Gilmour (1985) found that 
agitation had no marked effect on attachment. Stanley (1983) observed that the 
attachment of motile cells was reduced by 90% when agitated, although non-motile cells 
were little affected.
1.4.6 -  Nutrients
Nutrient status and its effect upon the ability of bacteria to adhere to surfaces is an 
obvious area of study, as bacterial adhesion has been observed in a multitude of 
environments with vastly differing nutrient composition. The nutrient composition is 
likely to affect polymer production and possibly alter cell surface characteristics 
(McEldowney and Fletcher, 1986b).
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It has been proposed that adhesion may serve as a possible survival strategy in some 
starved populations (Kefford et al., 1986), whereby bacteria scavenge fatty acids 
adsorbed at surfaces (Kefford et al., 1982). An oligotrophic environments was shown 
to cause an increase in the number of cells attaching and the provision of an energy 
substrate resulted in reduced attachment, regardless of growth phase. Very small 
bacteria, possibly starved forms, have been observed as the primary colonisers of 
surfaces in seawater. These bacteria subsequently grew to a normal size at the surface. 
There have been further reports of a marine Vibrio which does not firmly attach, but 
which scavenges and then returns to the aqueous phase (Hermannsson and Marshall, 
1985). However, Delaquis et al. (1989) reported that low-nutrient stress caused 
Ps.fluorescens to detach from glass surfaces. Dewanti and Wong (1995) saw a faster 
biofilm development with E.coli grown in low nutrient media, with glucose the best 
substrate and Kim and Frank (1994) found that glucose levels between 1 and 20 g L'  ^
did not affect biofilm development of L.monocytogenes in semi-continuous culture. 
However, deviation from a phosphate level of 37.52 g L'  ^ affected development, as did 
amino acid concentration. Cells of Ps.fluorescens grown in xylose exhibited enhanced 
adhesion under static conditions when compared with those grown in glucose or citrate, 
although the concentration of the growth substrate (0 .1-1.0%) had little effect upon 
adhesive properties (Duddridge et al., 1981).
1.5 - The impact of bacterial adhesion
If allowed to develop, biofilms can have a substantial, occasionally catastrophic effect on 
industry. Naturally-formed bacterial biofilms may be either beneficial or detrimental to 
their immediate environment, depending upon their location and whether growth is 
controlled (Bryers, 1994; Hamilton, 1994). Man’s exploitation of such biological 
systems has been used to his advantage in numerous situations: vinegar production, 
microbial leaching, wastewater treatments (rotating biological contactors, fixed bed 
reactors, fluidised beds), captured cell systems, ethanol production, cellulase production 
and biosensor applications and biodégradation of organics, to illustrate a number of 
them. However, there are also situations where Man is unable to control microbial 
growth . Troublesome impacts upon technology often involve the influence of biofilms
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upon the transport of mass, momentum and energy. A biofilm of the dimensions 200- 
300p,m on the hull of a ship can increase fluid frictional resistance and retard speed by 
20%. Similarly, a 1.5cm pipe with a film of the same dimensions can reduce flow by 
50%. In such situations, there is also an increased association with corrosion (Allison 
and Gilbert, 1992). This imposes a large economic influence upon industry, as there is a 
need for regular cleaning of systems. Surfaces which are resistant to bacterial adhesion 
have been described as the ‘ Holy Grail’ of the medical device field (Costerton, 1995). 
Expensive searches have often led to the conclusion that the use of laboratory strains for 
adhesion experiments will often give misleading results. A sessile mode of growth 
confers no advantage to the cells in a laboratory situation, therefore, the tendency to 
revert to an attached phase is suppressed. A number of workers have reviewed the areas 
of impact, giving examples of the effects and relevance of biofilm processes (Characklis 
and Marshall, 1990; Mattila-Sandholm and Wirtanen, 1992; Bryers, 1994). Table 1,1 
indicates deleterious and beneficial consequences of biofilm growth.
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Table 1.1 - Practical consequences of biofilm growth
Deleterious Beneficial
1. Increased fluid frictional resistance
2, Decreased heat transfer
3. Surface biodeterioration Cellulose
digestion/biodegradation
4. Focal point for microbial growth leading to 
infection downstream
5. Protected/modified microenvironnments
6. Plugging Selective plugging in microbially 
enhanced oil recovery
7. Souring of petrolem reservoirs Bioremediation in aquifers
8. Pollution Effluent waste treatment plants
9. Loss of function, e.g. membranes, exchange 
resins
10. Resistance to biocides
11. Requirement for physical removal
12. H2SO4 production; secondary effect from 
oxidation of H2S
Microbial mining
13. Long term stability and regeneration after 
remedial treatments
Film fluidised bed reactors
14. Dynamic response to variable environmental 
stimuli
(From Hamilton, W. A., 1994. Industrial problems due to biofilms. In Bacterial 
Biofilms and their Control in Medicine and Industry, pp 109-111)
Further information given by Hamilton (1994) links biofilm characteristics such as 
altered cell physiology, dynamic structure and surface growth to specific problems 
occurring in industry.
An industry where biofilm formation may be pertinent to safety and quality is that of
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food processing. The following section discusses bacterial adhesion and biofilm 
formation with particular reference to the food industry where hygiene is of paramount 
importance.
1.6 - Bacterial adhesion in the food industry
It is apparent that concern is rising regarding the attachment of microorganisms to food- 
contact surfaces. The relatively recent appearance of kitchenware such as chopping 
boards, dish-cloths and utensils, which incorporates anti-bacterial properties, indicates 
that there is a response to attempts to raise awareness concerning the importance of 
food hygiene. Such products, for example Microban® (Microban Products Company; 
Sainsburys), are designed to prevent transfer of bacteria between foods and are also 
designed to destroy harmful bacteria which may be harboured in cuts and abrasions on 
kitchen utensils. Other products such as Antibax® (Tesco) is a cleaning fluid intended 
for use on food preparation surfaces which clearly states that this product is effective 
against generally well-recognised pathogens such as Listeria and Salmonella. Such 
organisms have generally received much publicity during the last decade, as has 
Escherichia coli, due to a number of outbreaks of food-borne illness.
The control of food hygiene is not only important once the food reaches the consumer, 
but is also pertinent to the running of food preparation industries. Bacterial adhesion in 
the food processing environment could provide a potential source of contamination in 
products which by nature should be safe, wholesome and which should have the capacity 
to maintain a reasonable shelf-life. Biofilms are particularly common where organic 
materials are processed, thus food processing environments provide ideal conditions for 
sustaining microbial growth. Conditions which favour biofilm formation include flowing 
water, suitable attachment surfaces, ample nutrients and raw materials which may 
provide a source of inocula (Jones, 1994). However, the complexity of biofilms in such 
systems is likely to be great as variations in conditions of humidity, nutrient load, shear 
forces, pH, a^ and cleaning regimes will vary not only between different processing 
plants but also within individual plants. A number of relatively recent reviews published
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indicate increasing concern over the last ten years relating to biofilms in food industry 
environments. These reports review bacterial biofilms generally but place particular 
emphasis on the impact which such formations may have in the food industry 
(Notermans et al., 1991; Mattila-Sandholm and Wirtanen, 1992; Carpentier and Cerf, 
1993; Criado et al., 1994; Zottola, 1994; Zottola and Sasahara, 1994; Hood and 
Zottola, 1995; Bower e/a/., 1996).
Food products should be essentially free from microbial contamination which has the 
potential for either spoilage or pathogenicity. Should such contamination occur, there is 
the likelihood th^t the items would undergo product recall with the associated adverse 
publicity, which could consequently lead to loss of customers, sales and profits (Holah 
and Kearney, 1992). In addition to this, if the incident has exceeded regulatory 
requirements then the manufacturer may also have to risk fines, sanctions, loss of export 
licence or in extreme cases, site closure (Holah et a l, 1994).
Contamination in food products may arise from four main sources: constituent raw 
products, surfaces, people and the air. Palmer (1981) identifies a number of routes of 
milk contamination from the environment throughout the various phases of milk 
processing. These included personnel, airborne contamination, water and milk storage 
equipment, which constitutes the main source of bacteria from milk supplies. Food may 
become contaminated as it moves across contact surfaces or if it is touched. The air 
may serve both as a source of contamination or as a transport medium, by moving 
contamination from a non-product contact to a product contact surface. Kang and 
Frank (1989) reported that air within a packaging point is a critical control point for the 
entry of pathogens and spoilage organisms and post-pasteurisation contamination of 
dairy products. Aerosols may be generated by worker activity, sink and fioor drains, 
water spraying and air conditioning. Biological aerosols may consist of bacteria, yeasts, 
moulds, spores, viruses or pollen, 0.5 p.m - 50 pm in diameter. The viability of 
aerosolised organisms may vary, for example, aerosols produced from sldmmed milk 
have been shown to produce better colony growth than those from distilled water. It has 
been shown that bacteria, yeasts and moulds are continuously falling from the air in the
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dairy plant environment. Pseudomonas, Serratia, Klebsiella and Staphylococcus have all 
been isolated. Condensation on walls and ceilings has been shown to cause mould 
growth (Heaton et al., 1990) thus contamination could arise through air-borne spores. 
Biofilm formation is determined by the fate of these bacteria or microbial agents, once 
they have reached a surface by whichever means.
It has previously been discussed that biofilm structures may range from mono-layers of 
cells to thick structures which are visible to the naked eye. In the food industry, 
stmctures may be more limited as in many areas available for biofilm development, the 
time dimension is relatively short as product contact sites will usually undergo some type 
of cleaning regime. Further to this, a diverse set of environmental conditions are 
prevalent, indicated in Table 1.2, which may affect the adhesion process.
Biofilm accumulation of food spoilage organisms in such locations can be detrimental to 
the industry in terms of product deterioration, however, accumulation of potential 
pathogens would provide more cause for alarm. The prevalence of potential pathogens 
within the food processing environment is well documented. Investigations have shown 
that wet areas within food processing plants are likely to harbour organisms and in tests 
carried out for the presence of Listeria spp., 78% of the positive tests were found to be 
Listeria monocytogenes, a known human pathogen (see also Chapter 2, Section 
2.1.1.4). Positive identifications were made from sampling conveyors, floors, drains, 
condensation, ceilings, processing areas and cleaning-in-place (CIP) rinse tanks (Nelson, 
1990).
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Table 1.2 - Factors affecting biofllm formation in the food industry
Parameter Range of conditions
Growth time A few hours, a single day/shift, several days
Nutrient levels A diverse range of food products and their residues
Water activity A range through dry goods, typical foods to beverages
Humidity A wide range
Temperature From freezing (, -27°C) through chill (4-10°C) and ambient to
high temperature
Surface types Stainless steel, plastics, flooring materials, in new, abraded and
corroded condition
Microbial types Spoilage organisms, food pathogens and natural flora.
(From Holah et al. 1994. Control of biofilms in the food industry. In Bacterial Biofilms 
and their Control in Medicine and Industry, pp 163-168).
Drain sampling proved also to be a good indicator of the presence of Listeria in a plant 
studied by Charlton et al. (1990), where out of a number of milk processing plants 
investigated, 29.5% were positive for Listeria spp. and 19.9% were positive for 
L.monocytogenes. Organisms were recovered most frequently from fluid milk product 
plants and frozen milk product plants and mostly from the packaging/filling room rather 
than the raw product receiving room. Levels appeared to increase with progression 
along the manufacturing process, with fluid milk conveyor sites being a particular 
problem, which could also serve as a method of dissemination.
Knight et al. (1988) also noted the increasing concern surrounding Listeria spp. at food- 
contact surfaces. Samples from supposedly clean, sanitised surfaces have been found 
positive for the organisms. An extensive list of sites where the organisms may be found 
includes Clean In Place (CIP) lines, dead ends of CIP, refrigeration units, air-handling 
systems, on-site receiving areas for raw milk, heavily etched stainless steel surfaces and
31
Chapter 1 - Introduction
wet floors. In processing plants which were deemed to be operating under Good 
Manufacturing Practices according to manufacturers and inspection authorities, Cox et 
al. (1989) were able to locate Listeria spp. at a number of different sites within the 
plant. These organisms were found, in order of decreasing frequency, in drains, on 
floors, in standing water, residues and food-contact surfaces. In dry culinary food units, 
none were found which could indicate that dry conditions with the restriction of food 
residues would aid control of these organisms.
Adhesion studies within drains carried out by Hood and Zottola (1992) claimed that 
Pseudomonas and Klebsiella were the most frequent Gram negative isolates from such 
areas, however no mention was made of Gram positive organisms, thus no mention was 
made of Listeria. Wet areas appear to be particular problem regions. As water is used 
regularly in a number of operations, static surfaces, for example floors, may receive a 
regular flow of dilute nutrient solutions, albeit intermittent, which would nourish biofllm 
formation (Jones, 1994). Further to this, the existence of biofilms in water distribution 
systems themselves is well documented (Percival et al., 1997a; 1997b).
A number of earlier reports have considered the types of organisms which may be found 
in association with dairy surfaces such as milldng machines and pipelines and farm bulk 
milk tanks (Thomas and Thomas, 1976; Thomas and Thomas 1977a and 1977b; Thomas 
and Thomas, 1978). The potential of these organisms to affect the quality of dairy 
products was also considered (Druce and Thomas, 1972). Much of the work following 
this has focused on the individual organisms to establish themselves at a variety of 
surfaces. A substantial number of reports demonstrate the potential for bacteria to 
adhere and develop into films in food-contact areas. Spoilage organisms such as 
Pseudomonas and potentially pathogenic organisms such as Listeria, Salmonella, 
Bacillus, Yersinia and Escherichia have all displayed an ability to attach to surfaces of 
importance relative to food systems (Zottola, 1983; Schwach and Zottola, 1984; Hood 
and Zottola, 1992; Krysinski et al., 1992; Mosteller and Bishop, 1993).
One of the earliest reports of attachment to different types of food-contact surfaces was
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produced by Zoltai et al. (1981) and which used SEM to demonstrate the presence of 
Pseudomonas fragi {Ps.fi'agi) and Staphylococcus aureus (S. aureus) on glass and 
stainless steel. In 1982, Schwach and Zottola also used SEM to demonstrate the 
presence of microorganisms on beef surfaces. Stainless steel chips placed against rinsed 
and unrinsed contaminated beef surfaces were also examined after a 4 h and 24 h contact 
period. Transfer of the organism from the food to the food-contact surface was 
observed in all cases. The authors noted that the surface was not smooth at the 
microenvironmental level, hence there was a potential for the organisms to enter 
crevices and multiply. Fibril production (identified as consisting of pelyseaGGhaade) was 
noted on the attachment surface, as it was in a similar experiment using a pseudomonad 
culture. This study demonstrates the transfer potential of food associated organisms. 
The concept of transfer potential from surface to surface is considered by Hood and 
Zottola (1995). The authors discuss biofilms as essentially self-regulating structures 
which grow, parts of which may break away and re-attach at another point and continue 
to grow, thereby perpetuating the cycle. Such dislodging or transfer to another surface 
would be a large concern in the food industry. In such a case, a single adherent Listeria 
or Salmonella bacterium may be as intolerable as a biofilm. Thus, the authors describe 
the concept of bio-transfer potential, which they consider to be applicable to the food 
industry environment. This term encompasses any organism associated with a surface 
which could lead to contamination. The desorption of bacteria from a number of 
surfaces relevant to food containers was addressed by McEldowney and Fletcher 
(1988). Such a study has important implications as the ease with which they desorb may 
affect their removal by cleaning agents. In addition if organisms remain a
cleaning regime, the likelihood of them desorbing affects the quality of the product. The 
desorption of bacteria was shown to be dependent upon pH, species and substratum 
characteristics, although progressive changes in temperature did not appear to affect 
desorption. S.aureus did not readily desorb, although desorption did take place with 
other strains. This study recognises that such a process has the potential to cause cross­
infection of food processing surfaces.
Materials such as glass, rubber and stainless steel are commonly used in processing
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environments, particularly in milking- and milk-processing equipment, and the potential 
of a number of different organisms to attach themselves to such surfaces has been 
documented. Stainless steel in particular is a widely used construction material, having 
many properties which make it an attractive material for use in the food processing 
industry. These include its corrosion resistance, its cleanability and its non-toxicity 
(Haegeli, 1994). Iron is essentially non-toxic and chromium III, the only form that can 
be found in foods, is not dangerous in fact being a natural constituent of most foods. In 
addition to this, there is no migration of metallic particles into the food. For 
maintenance of its excellent properties, the surface must be free of contaminating 
deposits, foreign bodies and defects (Tuthill et al., 1997). This material is discussed in 
more detail in Section 2,1.2. Despite its popularity for the above reasons, many 
publications document the ability of a range of organisms to attach to this surface.
During long term studies on potable water distribution systems (Percival et al., 1997a; 
1997b) biofilm development was shown to be greater on stainless steel AISI 304 than on 
AISI 316, This may have important implications for the food industry as 304 is 
generally the grade of stainless steel used, unless the environment is particularly 
corrosive in which case 316 (or 316L) would replace it.
SEM images have been produced of Ps.Jragi, a psychrotrophic food spoilage organism,
attached to stainless steel surfaces both in the presence and absence of milk (Zottola,
1983). Other organisms. Bacillus cereus and Salmonella montevideo, were also shown
to attach to stainless steel and gold foil surfaces. Speers et al. (1984) also employed
SEM techniques whilst investigating dairy equipment surfaces which were contaminated
by two milk-borne microorganisms. The surfaces studied were stainless steel, glass and
rubber in contact with inoculated milk containing Pseudomonas spp. or Micrococcus « eelspp. Samples were incoculated once or repeatedly, the repeated inoculations intending 
to simulate repeated washings. SEMs of Micrococcus at the surface indicated that there 
was an increase in milk soil with repeated inoculations, but not cells. Proliferation of 
Micrococcus was difficult to assess as clumping occurred. However, Pseudomonas was 
shown to proliferate on glass and stainless steel, but not on rubber. Maxcy (1971)
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concluded that humidity was a crucial factor contributing towards outgrowth of 
microorganisms in a milk film at a stainless steel surface, with 80-86% appearing to be 
the critical level for permitting microbial growth. When exposure of a soiling layer to air 
was decreased, water loss was reduced thus providing protection. The aforementioned 
effect observed on the rubber material by Speers et al. (1984) is possibly due to anti­
microbial compounds in rubber. Similarly, the bacteriostatic effects of rubber were 
noted by Ronner and Wong (1993), who studied biofilm development by 
L.monocytogenes and Salmonella typhimurium on stainless steel and ‘Buna-n’ rubber. 
The rubber substratum was found to have a strong bacteriostatic effect towards 
L.monocytogenes and slightly less so towards S.typhimurium.
In 1984, Schwach and Zottola conducted a further SEM study to demonstrate the 
attachment of Ps.fragi, Salmonella montevideo and B.cereus to stainless steel, all of 
which have implications for either food-borne illness or food spoilage. All three 
organisms demonstrated fibril production over a period of 18-24 h. Pre-sanitiser rinsing 
proved to be insufficient in removing adhered organisms from the surface, suggesting the 
need for a detergent wash and water rinse before sanitation. Herald and Zottola (1988b) 
also reported the attachment of Ps.fragi to stainless steel 304 food-contact surfaces, 
following a 24 h period. Fibrils were again observed.
Lewis et al. (1987) examined single cells inoculated onto milk-soiled stainless steel 
surfaces in order to determine whether or not the cells were capable of growth. 
Pseudomonas spp. Micrococcus spp., and Acinetobacter spp., were all shown to 
proliferate at the soiled surface, with their growth rate being higher at 30°C than 7°C. 
Polymer production was also observed after 9-18 h. The implications of proliferation 
and polymer production by single polymer-ffee cells on artificially soiled surfaces are 
that there is a high likelihood of the same effect under a more natural set of conditions. 
Polymer production was noted independently of temperature, indicating a role in the 
attachment of these organisms to stainless steel. Lewis and Gilmour (1987) compared 
the surface-associated microbial populations of milk-soiled stainless steel and rubber 
piping. Although the milk flora was initially predominantly Gram positive (micrococci.
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coryneforms and streptococci), the adherent population was Gram negative, differing 
from that of the bulk fluid. The major source of Gram negative psychrotrophic bacteria 
in raw milk is considered by some to be the milking equipment and milk pipelines may 
constitute a direct source of post-pasteurisation^of milk (Koutzayiotis, 1992).
The operation of pasteurisers in cheese and liquid milk processes is limited by the 
growth of thermorésistant streptococci in the stainless steel heat exchange systems. 
Such growth can result in 10*^  organisms ml'  ^of pasteurised milk due to proliferation and 
transfer of the cells from the surface into the bulk liquid. In simulated pasteurisation 
systems, Streptococcus thermophilus adhered equally well to stainless steel in both raw 
and pasteurised milk soiled systems although growth was delayed slightly by raw milk 
(Driessen et al., 1984). During long operation times, numbers on the stainless steel 
surface in pasteurised milk increased faster than the surface in raw milk reaching 1.0 x 
10^  cm'  ^ and 7.0 x 10^  cm'  ^ respectively after 4 h. Lehman et al. (1992) examined 
bacteriological aspects of continuous operation of cheese-milk pasteurisers over a period 
of 21 h, and found that numbers increased slowly over the initial 8-9 h period then 
exponentially over the remaining period. The results suggested growth on the plate 
walls. A decreased residence time in pre-pasteurisation tanks was found to reduce the 
opportunity for multiplication. Bouman et al. (1982) also demonstrated bacterial 
attachment to the stainless steel of heat exchangers in the pasteurised section of the 
processing plant, which was subsequently responsible for the contamination of the 
outcoming milk. The contamination of milk by certain organisms has been shown to 
compromise the keeping quality of pasteurised milk (Schrôder et al., 1982).
Suarez et al. (1992) examined the ability of psychrotrophic bacteria isolated from raw 
milk to adhere to steel, two types of rubber and glass. These are all materials which may 
be found in the construction of milking equipment. Glass was found to be most resistant 
to bacterial attachment. However, as there was little difference between the other 
surfaces, in this case it would appear that hydrophobic interactions do not play a major 
role in this instance. The authors results were also in agreement with Speers and 
Gilmour (1985) and Lewis and Gilmour (1987) who reported a higher attachment level
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with Gram negative strains than with Gram positive. This work reported that adherence 
of the most strongly adhering strains was inhibited by milk. Thus, the authors conclude 
that with the strains used, intrinsic adherence cannot be considered a relevant factor in 
the contamination of milking equipment. Research has shown that the Gram negative 
microflora of milk originates on the inner surfaces of milk processing and storage 
equipment.
The ability of Listeria spp., to attach to milk contact surfaces is also documented (Mafu 
et al., 1990). This organism was able to attach to stainless steel 304, glass, 
polypropylene and rubber after contact times as short as 20 minutes at ambient 
temperatures and 1 h at cold storage temperatures (4°C) with polymer production 
occurring at both temperatures. This is cause for concern as Listeria is capable of 
multiplying at refi*igeration temperatures. Dickson and Daniels (1991) also obseiwed the 
ability of L.monocytogenes (and S.typhimurium) to adhere to glass. Others have 
reported its adherence to stainless steel (Kim and Frank, 1994) although it has been 
reported that this hydrophilic organism (Dickson and Koohmarie, 1989; Mafu et al., 
1991) prefers hydrophobic (polypropylene and rubber) surfaces to hydrophilic (glass and 
stainless steel). This organism is frequently isolated from drains (Nelson, 1990; Charlton 
et al., 1990) and the ability of L.monocytogenes to adhere to cast iron drain material has 
been reported by Spurlock and Zottola (1991). Warm temperatures and plentiful 
nutrients are favourable conditions for proliferation. The organism survived in drains 
over a range of pHs and SEM work revealed adhesion of the organisms onto cast iron 
chips placed into the drains.
Stainless steel 304 was treated with several different solutions, aimed at recreating 
surface soiling which may take place during the processing of milk and sweetened milk 
products (Hood and Zottola, 1997). Results indicated that subsequent bacterial 
attachment was dependent upon the bacterial type, the surface soiling and the medium in 
which the bacteria had been grown.
Bacteria adhered to stainless steel and plastic surfaces treated with pork liquor were
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shown to require variable shear forces for their removal relative to the untreated 
surfaces (Chamberlain and Johal, 1988). By measuring the shear necessary to remove 
organisms, this group was essentially measuring the transfer potential of that particular 
organism. The necessary shear force was dependent upon whether the bacteria or the 
surface alone had received treatment or whether both had been treated. The work aimed 
to reproduce surfaces representing those contacting the juices of chilled meats. The 
results indicate that under such circumstances, attached organisms may prove difficult to 
dislodge. The possibility of biofilms existing in meat processing environments was also 
examined by Hood and Zottola (1992). Stainless steel chips were placed on contact 
surfaces adjacent to the flow of food and cast iron chips were suspended in floor drains 
in 4 meat-processing plants. The samples were examined and it was evident that 
bacteria were able to adhere to these surfaces.
Poultry processing plants have also been unable to escape problems caused by microbial 
adhesion. An investigation into sites of contamination in a broiler processing plant 
(Thompson and Patterson, 1983) indicated that scalding carcasses had little effect on 
numbers of S.aureus but that defeathering of the carcasses increased the S.aureus count 
detected, implicating the defeathering apparatus in cross-contamination. Examinations 
of the rubber plpcking fingers revealed the presence of many microorganisms at the 
surface of the rubber fingers. This was observed following ‘in plant’ cleaning, regardless 
of the degree of surface wear. S.aureus appeared to comprise 0.1-10% of the total 
counts. Perhaps of more concern was the isolation of S. aureus from sub-surface rubber 
following cauterisation, in all bar one case (where no visible wear had occurred). These 
problems could occur as a result of the relative porosity of this material. The 
implications of these findings for cleaning-regimes are of paramount importance. Purdy 
et al. (1988) also studied the defeathering fingers in a poultry-processing plant. 
Plucking fingers create ideal sites for contamination as they are generally situated in 
warm and humid conditions and are relatively difficult to clean and disinfect. Initial 
examinations revealed few S.aureus on plucking fingers. However, following changes to 
the processing, levels were seen to increase. A reduction in the chlorination levels of 
water spray (from 50-60 ppm to just 15-20 ppm) and the insertion of an overhead
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canopy, the result of which was to create higher humidity, appeared to favour the 
growth of S.aureus. An increase in the number of bacteria on the final carcasses was 
correlated with numbers found on plucking fingers. This provides a fine example of the 
principle of ‘biotransfer potential’ discussed earlier. Previously, an increase in levels of 
S.aureus between entry and exit of pluckers has been attributed to an altered phenotype 
which grows in sticky clumps (Chaffrey and Waites, 1987) and which resists cleaning 
and disinfection (Bolton et al., 1987). The possibility of strains becoming indigenous to 
the factory itself may perpetuate the resistance of these organisms. Twenty five percent 
of the poultry strains of S. aureus may be enterotoxigenic, such that contamination will 
lead to the rejection of poultry meat for use in the manufacture of products (Harvey et 
al., 1982). Levels of Salmonella in a commercial broiler processing plant were shown to 
increase following the chilling stage (Lillard, 1990). This was deemed to be the biggest 
site of cross-contamination due to build-up of organisms there. The Salmonella 
incidence for incoming birds was 19% and scalded carcasses 12%, whereas levels on 
birds leaving the chiller were 37%. The incidence of S.aureus on carcasses may also be 
traced to particular stages in processing (Mead and Dodd, 1990). Once established, 
specific strains may persist for months or even years. As defeathering machines are 
situated close to scald tanks, conditions are ideal for growth, being warm and moist.
It has previously been shown that biofilms can build up relatively quickly, within hours, 
on food-contact surfaces (Holah et al., 1988). The same authors demonstrated 
microbial adhesion to a variety of food processing surfaces (Holah et al., 1989). After 
periods of 6-8 h, microbial accumulation had achieved levels of 1.07 x 10^  cfu cm"^  on a 
baked beans transport belt, 1.70 x 10^  cfu cm'  ^on an egg glaze bath, 3.35 x 10^  cfu cm'  ^
on a fish filleting line and 8.07 x 10^  cfu cm'  ^on a buttermilk line. Holah and Kearney 
(1992) investigated biofilm development at a number of sites at a processing plant. 
Microbial accumulation was demonstrated on vegetable processing lines over periods of 
24 and 72 h at levels of above lO'^  cfu cm' .^ However, even low microbial levels are 
critical in these wet areas as spread of contamination is possible. Canning-process waste 
areas exhibited greater biofilm formation, with multi-layer development after 24 h. 
Again this was a ‘wet area’ with a constant source of water trickling from the can line
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above. Hence, the possible leakage of nutrients could have contributed to this more 
advanced development. The authors noted that although not in direct contact with food, 
spread of contamination from such a site could arise through personnel, air or cleaning 
systems.
Biofilms have also been shown to have detrimental effects in more diverse food 
environments, such as in the case of developing Vibrio harveyii biofilms on surfaces and 
its role in perpetuating infection in shrimp hatcheries (Karunasagar et al., 1996). 
Persistence of this organism in larval tanks is evident even after the addition of 
antibiotics. Biofilm formation was tested on concrete slabs, high density polyethylene 
(HDPE) and stainless steel and all three surfaces were shown to support biofilm growth, 
cell densities being highest on HDPE and lowest on stainless steel. Biofllm formation 
occurred in the presence of tetracycline and chloramphenicol (50 ppm). This is in 
agreement with other reports, documenting the increased resistance of biofilm organisms 
to antibiotics and sanitisers.
One of the key issues in the control of biofilms in the food industry is the correct 
implementation of sanitisers and cleaning practices, as trends are consistently pushing 
towards longer processing times, leaving less time for cleaning (Pontefract, 1991). 
Stone and Zottola (1985) found considerable numbers of bacteria attached to processing 
equipment if the time interval between cleaning was greater than 8 h. This also dictates 
a need for fast contamination detection methods, which can detect viable bacteria on 
food-contact surfaces giving ‘real-time’ results, rather than results which are obtained 
well into the next processing run. The removal of established organisms is a critical step 
in the prevention of further accumulation and attention paid to cleaning regimes should 
help to achieve this aim. This is particularly important since it has been demonstrated 
that outgrowth from the original colonisers may occur (Speers et al., 1984). Cleaning 
and disinfection together is referred to as sanitation and is carried out to remove all 
undesirable material. Sanitation should receive the same degree of attention as other 
key processes in food manufacture. Considerations for the implementation of sanitation 
processes are discussed in considerable detail by Holah (1992). Gross soil should be
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removed by mechanical means, if appropriate followed by a pre-rinse procedure. A 
subsequent cleaning stage involves;
1) the wetting and penetration by the cleaning solution of soil and equipment surface
2) the reaction of the cleaning solution with the soil to aid dissolution and émulsification 
of soil products
3) the prevention of dispersed soil back onto cleansed surfaces.
The soil lifted from the surface by the cleaning stage plus residual chemicals are 
removed by an inter-rinse with cold water. It is necessary that all organic material is 
removed from surfaces before using sanitisers (Knight et al., 1988). The surfaces may 
now be disinfected as viable microorganisms may remain at the surface. The efficacy of 
disinfectants essentially depends upon interfering substances, pH, concentration and 
contact time. Disinfectant residues should be rinsed away by a post-rinse, utilising water 
of known potable quality. Knight et al. (1988) suggests flushing with chlorinated water 
to remove detergents prior to using quaternary ammonium compounds as some 
detergents may inhibit these compounds. Factors affecting the cleaning process as a 
whole and removal of biofilms from surfaces are discussed by Wirtanen et al. (1995). 
These include the type of soil, the cleaning procedure, detergent, bacterium, growth 
period and temperature. The same authors (Wirtanen and Mattila-Sandholm, 1993) 
have demonstrated the ability of a number of different organisms to adhere to stainless 
steel AISI 304. Bacillus subtilis, L.monocytogenes, Pediococcus pentosaceus and 
Ps.fi'agi all formed biofilm growth and results indicated that the longer the biofilm was 
developed (in this case 10 days), the harder they were to remove from the surface. It 
was also noted that the Listeria organisms gathered in crevices at the surface, 
highlighting the previously mentioned point that wear and abrasion of surfaces can lead 
to increased bacterial accumulation. Thus it is essential that steps are taken to remove 
the organisms before they are established, as this task apparently becomes more difficult 
with time.
Cleaned equipment provides a two-fold benefit, firstly by increasing the preservation of
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the product and secondly by decreasing the risk of food-borne illness (Pontefract, 1991). 
However, if the likelihood of organisms attaching is reduced at the outset, this task is 
made easier. Much can be done towards achieving this by enforcing good design 
practice, aimed at restricting contamination build-up. If equipment is well constructed, 
there is less risk of product being retained away from the main bulk flow, following 
either the processing procedure or a cleaning regime. For example, poor hygienic 
design may be characterised by rough surfaces, crevices, and dead spaces, all of which 
hinder cleaning practices (Timperley et al., 1992). A number of these design points, 
such as joints, fasteners, drainage, internal angles, bearings and seals are discussed by 
Mattila-Sandholm and \Adrtanen (1992) and Timperley et al. (1992) in terms of optimum 
design for hygienic performance. These areas have previously been shown to harbour 
organisms. Czechowski (1990) investigated the association of bacteria with Buna-n 
gaskets in milk processing equipment. These gaskets have been implicated as sources of 
bacterial contamination of dairy products such as milk, ice cream and cheese. It was 
found that generally, the longer the gaskets were in place, the more physical 
deterioration occurred. Consequently, as deterioration took place, so the numbers of 
bacteria associated with the gaskets increased. These bacteria included small/large rods, 
some cocci, spore formers and Gram negative psychrotrophs. Particular problem areas 
were identified as being where the gasket meets the stainless steel piping. It was also 
noted that some areas of the gaskets did not have proper contact with cleaning agents 
and sanitisers, thus organisms still remained following a CIP cycle.
Results from a study by Austin and Bergeron (1995) also indicated that extensive 
biofilms could develop on gaskets, even after CIP practices. SEM and TEM techniques 
were used to examine gaskets, end-caps, vacuum breaker plugs and pipeline inserts 
installed into different areas of lines carrying either raw or pasteurised milk. The 
samples were removed and analysed following a CIP cycle. Again bacteria were found 
on gaskets from both the raw and the pasteurised line regions. Contamination of Buna-n 
gaskets ranged from confluent to diffuse, whereas contamination of stainless steel end- 
caps and pipeline inserts did not appear to take place. Should release of these organisms 
from these surfaces take place, particularly on the pasteurised side of the lines, product
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quality could be seriously affected. A similarity with the study of Czechowsld (1990) is 
noted, as the region where the gasket meets the piping was heavily contaminated. 
Conversely, the inner diameter of the gasket did not appear to harbour organisms, 
possibly due to contact with sanitising solutions and increased shear forces.
Cleaning tests which monitored bacterial retention on a variety of surfaces following 
simulated wear, indicated that stainless steel performed better than other materials such 
as enamelled steel, polycarbonate plastic and mineral-resin composite, retaining 10-100 
times fewer organisms (Holah et al., 1988; Holah, 1990; Holah and Thorpe, 1990). 
Rubber-ware may contribute between 10-117 times more contaminants in processing 
systems than metal parts of the system (Palmer, 1981). Palmer (1981) also commented 
that stainless steel of an approved grade should provide few problems with cleaning and 
disinfection. Maxcy (1964) observed that when dairy equipment was cleaned to within 
what was considered to be acceptable levels of contamination, the numbers of organisms 
remaining were few, but heterogeneous. However, the occurrence of opportunistic 
pathogens in both the raw and pasteurised side of processing equipment was noted as a 
possible food poisoning hazard.
The nature of the food-contact surface not only influences bacterial adhesion, but may 
also influence the sanitiser efficiency against organisms on these surfaces. A further 
problem encountered is the apparent increased resistance of adhered organisms to 
sanitising agents, compared with their free-floating counterparts. A study described by 
Holah (1992) illustrates the differences between disinfectant efficacy between suspended 
and sessile organisms. Disinfectants combined with agitation and temperature can 
enhance microbial kill at surfaces. It is acknowledged however, that combined with 
mechanical means of removal e.g. brushing, the organisms are effectively suspended thus 
tests conducted on suspended organisms should be sufficient. In the majority of cases, 
this does not occur and disinfection is effected by misting or submerging. The increased 
resistance of microorganisms on surfaces, as mentioned by Holah (1992), was also 
demonstrated by Ronner and Wong (1993). Populations of L.monocytogenes and 
S.typhimurium on stainless steel surfaces were reduced by 3-5 log by all four of the
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sanitisers tested, whereas biofilms on ‘Buna-n’ rubber were reduced by less than 1-2 log 
(by contrast the planktonic organisms were reduced by 7-8 log by these agents). Tests 
carried out by Lopes (1986) indicated that a range of sanitisers, 6 in total, were effective 
against L.monocytogenes and S.typhimurium within 30 seconds at the recommended 
concentrations. However, by comparison with other tests discussed here, the efficacy 
tests were performed upon liquid cultures. Further work on L.monocytogenes 
(Brackett, 1987) investigated the anti-microbial effect of sodium hypochlorite and 
household bleach on two strains. Following treatments of 50 ppm on cell suspensions, 
no viable organisms were detected. However, when organisms were located at the 
surface of vegetables, it was found that the reduction in numbers was far less. It is 
noted however, that in such a case, contributing factors could include the creation of 
microenvironments at the vegetable surface, insufficient wetting of the vegetable surface 
or reduction in the amount of free chlorine available due to the organics present.
Mosteller and Bishop (1993) studied sanitiser efficacy against Pseudomonas fluorescens, 
Y.enterolitica and L.monocytogenes within a milk film soiling the surface of rubber and 
Teflon® gaskets. Over a period of 30 s, the sanitisers were again found to be more 
effective against suspended organisms than those attached at surfaces, but results 
depended upon the sanitiser used and the surface to which the bacteria were adhered. In 
most cases, the sanitisers failed to produce the desired 3-log reduction in viable 
numbers.
A variety of cleaning agents and sanitising compounds were evaluated for their ability to 
remove 24 h L.monocytogenes cultures from surfaces of polyester/polyurethane and 
polyester conveyor belts and from stainless steel chips (Krysinski et al., 1992). 
Properties of the surface supporting bacterial adhesion were shown to be important once 
more. Resistance of the adherent cells to cleaners was shown to be greatest upon 
polyester/polyurethane, followed by polyester then stainless steel. The pattern of 
resistance according to substratum composition is supported by the work of 
Karunasagar (1996) who demonstrated that V.harveii biofilms on stainless steel also 
exhibited the highest sensitivity to hypochlorite solution. Krysinsld et al. (1992)
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observed that the trend in resistance to sanitisers followed the same pattern, with the 
effect of the sanitiser being greatest on stainless steel. Sanitiser efficacy was also 
increased by pre-treating with cleaners. SEM analysis did not reveal significant surface 
differences, such as cracks which may have protected the cells from chemical contact, 
nor did it reveal the presence of exopolymers. The authors recommend a number of 
points as components of a sound ‘Good Manufacturing Practice’. Firstly, adhering to 
proven clean-up procedures, such as using the correct concentration, time/temperature, 
velocity and frequency of treatment. Secondly, to follow a preventative maintenance 
procedure, minimising surface damage which could serve as foci for biofllm 
development.
Frank and Koffi (1990) also investigated the effect of sanitisers on the surface-adherent 
growth of L.monocytogenes. The authors acknowledged that although their inocula 
preparation attempts to relate to a situation which is more probable in a food processing 
plant, in reality the physiological state of such organisms will be highly variable ranging 
from planktonic growth in rich media to slow growth in nutrient depleted multi-species 
biofilms. The cells in this study exhibited a slow growth rate, and a period of 14 days 
was required to form microcolonies. Studies indicated an initial 2-3 log reduction in cell 
numbers following treatment with various concentrations of benzalkonium chloride, 
after which a resistant population remained for at least 20 minutes, regardless of 
concentration. This is in contrast to broth grown cultures which were rapidly 
inactivated. Adherent single cells were inactivated more rapidly than those in 
microcolonies, suggesting that attachment followed by growth imparts further resistance 
and protection. Detached Listeria microcolonies were susceptible to sanitiser action, 
being inactivated in 30 seconds. This same study also investigated the effects of heat 
upon surface adherent Listeria spp., whereupon heating cells with sanitisers at 55°C 
provided only a 2 log reduction of numbers in 5 minutes. Microcolonies were reduced 
in numbers by less than 5 log units by heat treatment at 70°C for 5 minutes and 
treatment with sanitiser for the same time and at the same temperature was no more 
effective.
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The question has been raised: should biofilms in food environments be a concern? 
(Zottola and Sasahara, 1994). In addressing the question of whether biofilms may be 
directly or indirectly responsible for product contamination, Jones (1994) presents two 
scenarios. The first is a persistent incoculum arising from a processing line in which the 
cleaning regime is insufficient to remove biofilms which develop during processing. The 
second involves the biofilm as an agent of contamination spread, whereby cleaning 
procedures such as high pressure jets and scrubbing produce biological aerosols which 
are subsequently able to establish themselves on ‘virgin’ surfaces.
Strategies for improving hygiene are:
i) prevent biofilm formation by surface treatments, biocidal coatings or (semi)continuous 
application of biocides/preservatives. Knight et al. (1988) suggest alternating sanitisers 
on critical areas such as food-contact surfaces
ii) avoid dispersal by modifying cleaning methods to minimise aerosolisation
iii) decontaminate after cleaning by disinfecting the whole environment e.g. by fogging. 
(Jones, 1994).
Standardisation of disinfectant test procedures should aid the interpretation of results 
concerning sanitiser efficacy (Holah, 1993), as generally in a processing environment, 
sanitising would be preceded by some form of cleaning. In the sanitiser tests reported, 
this is not always considered.
There is clear evidence in the literature examined that pathogens may be prevalent in 
food processing environments along with a range of other organisms. Further to this 
there is unequivocal evidence that many bacterial strains, including those which are 
potentially pathogenic, are capable of adhering to a variety of surfaces typically used in 
food processing environments. It is often difficult to compare data available from the 
work described here, as many of the experiments are carried out by varying a number of 
environmental parameters. As has been considered in Section 1.4, there are a number of 
factors which may contribute to adhesion. However, conditions in food processing 
environments may favour biofilm formation, thus if the product quality is not to be
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compromised, such growth must be controlled. This applies to product quality both in 
terms of spoilage and in terms of the risk of food-borne illness. Cleaning regimes are 
implemented within processing units as part of a sanitation regime, however, there are 
indications that sessile organisms may have increased resistance to compounds which 
may be used in such practices. Minimising adhesion in the first instance would be 
preferable. For this, further knowledge concerning organisms at surfaces is required.
1.7 - The aims of this study
The aims of this study were to investigate the interactions between a range of organisms 
and stainless steel, a typical food-contact surface. Stainless steel was chosen as it is 
commonly used as a construction material for dairy surfaces (This material is discussed 
further in Section 2.1.2). Bacterial adhesion was also assessed following adsorption of 
conditioning layers at the stainless steel surfaces. These layers comprised milk or milk 
components.
The choice of organisms for use in the study were:
i) S.aureus, as this organism has a potential for causing food-borne illness and is 
associated with a number of raw milk products (Gilmour and Harvey, 1990). 
This organism has also proved to be associated with processing plants 
(Thompson and Patterson, 1983).
ii) L.monocytogenes, as previously mentioned, has been isolated from a number of
locations within food processing plants (Nelson, 1990). This organism has 
demonstrated its ability to attach to food-contact surfaces (Mafu et al., 1990) 
and is a well-documented causative agent of food-borne illness.
iii) Ps.fragi is a food spoilage organism which has also been reported to attach to
stainless steel surfaces (Zoltai et al., 1981; Speers et al., 1984) and will be 
included in this study. Finally,
iv) E.coli, a potential agent of food-borne illness and
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v) Serratia marcescens will be used. Members of the genus Serratia may be found 
in raw milk and Serrmarcescens may be considered an opportunistic pathogen.
Further information will be given on these organisms in Section 2.1.1.
The project initially established a method by which adhesion of organisms at the stainless 
steel surface could be quantified. This method was subsequently used to determine the 
effects upon bacterial adhesion of soiling of the stainless steel with a number of milk or 
milk-derived treatments. Allison and Gilbert (1992) have previously described biofllm 
formation by a six-step process, culminating in the formation of microcolonies, multi­
layered structures and sloughing. Due to cleaning processes employed in the food 
industry, the time-span available for biofilm formation may be far less than that required 
for the production of multi-layered films. Thus, this study restricted itself to the initial 
stages of adhesion, that is the adsorption of a conditioning film and the initial attachment 
of organisms.
Finally, surface analysis techniques were used to provide further information concerning 
the adsorbed milk films. These techniques primarily involved the use of X-Ray 
Photoelectron Spectroscopy and Atomic Force Microscopy with a small amount of 
auger electron spectroscopy and ellipsometry also carried out.
1.8 - Thesis outline
The thesis is constructed as follows:
Chapter 1 An introduction to bacterial adhesion and its relevance to food-contact 
systems
Chapter 2 An introduction to materials used and a description of the general 
methods employed
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Chapter 3 Establishing a suitable method for monitoring bacterial attachment at a
stainless steel surface
Chapter 4 Application of a number of milk-derived treatments to the stainless steel
surface and determination of their effect upon bacterial adhesion
Chapter 5 Surface analysis of the stainless steel surface following conditioning with
sldmmed milk or individual milk proteins. This is realised by the use of a 
number of techniques: X-ray photoelectron spectroscopy, atomic force 
microscopy, auger electron spectroscopy and ellipsometry.
Chapter 6 General discussion of the results obtained and the conclusions drawn,
with thoughts for future work which could develop from this project.
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2.1 - INTRODUCTION
This chapter provides an introduction to some of the materials pertinent to this study, 
outlines further materials used and provides details of methods commonly used 
throughout the study. Further specific methods are given in the relevant chapters.
2.1.1 - Introduction to the organisms used
A number of organisms were initially chosen for use in the study. These include 
organisms which are known for either their pathogenic or spoilage nature. The 
following points provide information on cell morphology, motility, natural habitats and 
likely sources of the organisms. For those organisms implicated in food poisoning, 
further details of how the presence of these organisms may result in illness are given.
(Information collated from Holt, 1985; Bergdoll, 1989; Lovett, 1989; Gilmour and 
Rowe, 1990).
2.1.L I  - Staphylococcus aureus (S.aureus)
• Family Micrococcaceae. Genus Staphylococcus.
• Facultatively anaerobic. Gram-positive spherical cells occuning singly or in pairs, 
0.5-1.5 pm in diameter.
• Growth occurs between 18-40°C, optimum growth at 35-37°C.
• Non-motile.
• Coagulase-positive.
• This organism may be located in boils, pimples and wounds on the skin and in the 
gastrointestinal tract of warm-blooded animals, with 15-38 % of humans being 
persistent carriers. Also found in the air, in water, milk, sewage and articles in 
contact with these substances.
• An opportunistic pathogen and a major causative agent of food-poisoning, through 
production of an enterotoxin, a number of which have been isolated. These
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enterotoxins are relatively heat-stable and pasteurisation of milk for example will 
destroy the organism but not the toxin.
2 .LL2  - Pseudomonas fragi (Ps.fragi)
• Family Pseudomonadaceae. Genus Pseudomonas.
• Aerobic, Gram-negative rods occurring as single cells, in pairs or in chains, 0.5-0.75 
pm by 0.75-4.0 pm.
• Growth occurs between 10-30°C, optimum growth at 25-30°C.
• Motile by polar flagellum.
• Widely distributed and commonly found in soil and water. Also associated with dairy 
utensils as it may be isolated from milk and other dairy products.
• Associated with food spoilage. These organisms may cause severe lipolytic defects in 
dairy products, although lipase production is reduced above 25°C. Strains are rarely 
caseolytic.
2.1.1.3 - Serratia marcescens (Serr.marcescens)
• Enterobacteriaceae. Genus VIII Serratia.
• Facultatively anaerobic, Gram-negative, straight rods with rounded ends, 0.5-0.8 pm 
X  09-2.0 pm.
• Growth occurs between 10-36°C.
• Motile by peritrichous flagella.
• Occurs in the natural environment, soil, water and plant surfaces.
• An opportunistic pathogen.
• Members of this genus may be found in raw milk (Gilmour and Rowe, 1990).
2.1.1.4 - Listeria monocytogenes (L.monocytogenes)
• A Family of regular, non-sporing, Gram positive rods. Genus Listeria.
• Aerobic/Facultatively anaerobic. Gram-positive, regular, short rods with rounded 
ends, 0.45-0.5 pm x 0.5-2.0 pm. May occur as single cells, in short chains or in ‘V’ 
forms. No-capsule.
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• Non spore-forming.
• Growth occurs between 1-45°C with optimum growth at 30-37°C.
• Motile by means of peritrichous flagella between 20-25°C, exhibiting a tumbling 
motion.
• Widely distributed in nature, occurring in soil, vegetation, sewage, water, animal 
feed, fresh and frozen poultry and slaughterhouse waste.
• A food-borne, facultative, intracellular pathogen causing Listeriosis which may result 
in varying degrees of malaise, diarrhoea and fever. This organism is associated with 
dairy products, in particular soft cheeses. L.monocytogenes may be found in a wide 
variety of locations, capable of growth over a wide range of pH, water activity, 
temperatures (including refrigeration temperatures), and may remain viable at 
temperatures above the growth range and below freezing. However, the organism 
has been shown to be destroyed by the pasteurisation process following its addition to 
raw milk (Lovett, 1989).
2.1.1.5- Escherichia coli (E. coli)
• Family Enterobacteriaceae. Genus Escherichia.
• Facultatively anaerobic. Gram-negative, straight rods, 1.1-1.5 pm x 2.0-6.0 pm. 
Organisms may occur as single cells or as pairs.
• Optimum growth at 37°C.
• Motile by peritrichous flagella.
• Found in wastewater and as a commensal organism in the gut.
® An opportunistic pathogen, E.coli is a common cause of travellers’ diarrhoea.
• Under the correct conditions, this organism can cause spoilage of milk and many 
dairy products.
• Many strains of E.coli are found to be pathogenic to humans through toxin 
production. A number of strains have been implicated in outbreaks of infection 
associated with a range of foods, including milk.
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2.1.2 - Introduction to stainless steel
Stainless steels are commonly known for strength, ductility, hardness, creep resistance 
and corrosion resistance, which when combined with ease of fabrication, make them an 
obvious choice for use as construction materials in food processing and Idtchen 
environments. Indeed, their use may even be demanded by legislation, as increasingly 
stringent standards are required in food manufacturing and hygiene.
The common stainless steels used for such purposes are the austenitic AISI (American 
Iron and Steel Institute) Type 304 (which constitutes more than 50% of global stainless 
steel production) and Type 316 grades. These are adequate for most functions within 
the food processing environment, providing conditions are not particularly aggressive, 
and are resistant to corrosion by most organic acids associated with the food industry 
such as; citric, acetic, lactic and tartaric acid. The austenitic steels are those ‘alloy steels 
whose structure is normally austenitic at room temperature’ (Boyer and Gall, 1985). 
That is ‘a solid solution of one or more elements in face-centered cubic iron’ (Boyer and 
Gall, 1985). The chromium and nickel content, regardless of the presence of 
molybdenum, gives these metals their austenitic crystalline structure (Anonymous, 
undated). The austenitic group of stainless steels are non-hardenable and non-magnetic 
(the only ones). They are generally defined as having a chromium content between 11% 
and 30%. There are many different compositions, giving a range of resistances to local 
and stress corrosion, but if the alloy content is very high such that the iron content falls 
below 50%, they fall outside the realms of the stainless family. The ability of stainless 
steel to resist corrosion attacks, in the form of pitting and crevice corrosion, increases 
with a rising content of chromium, molybdenum and nitrogen in the steels (Anonymous, 
undated). Table 2.1 compares the typical elemental composition of stainless steel Types 
304 and 316.
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Table 2.1.- Typical elemental composition of stainless steel Types 304 and 316 
Element Composition (%)
Type 304 Type 316
Cr 18-20 16-18
Ni 8.0-12.0 10-14
C 0.08 0.25
Si 1.0 1.5-3.0
Mn 2.0 2.0
P 0.045 0.045
S 0.15 0.03
Mo 0.60 (optional) 2.0
(InÆ  Introduction to Stainless Steel, JG.Parr & A.Hanson, published by the American
Society for Metals, 1965)
Austenitic steels are characterised by good corrosion resistance and toughness. The 
reason for their good corrosion resistance is the fonnation of a thin, invisible surface film 
in oxidising environments. An increased chromium content, at a level of 10%, results in 
a reduction in corrosion, due to the formation of a passive film. A chromium content of 
11% is required for a compact and continuous film and passivity will increase up to 17% 
chromium content. Thus, many stainless steels contain 17-18% chromium. Stainless 
steel has such a strong tendency to oxidise and form a surface film, that weak oxidisers 
such as air and water are sufficient to cause the desired effect. Chlorides and other 
halides are capable of breaking down this film locally thus resulting in pitting corrosion. 
AISI 304 is not generally used in chloride-containing media, but is used where demands 
are placed on cleanliness or in situations where equipment must not contaminate the 
product. Typical usage includes piping systems, heat exchangers, tanks and process 
vessels for the food and other industries (Leffler, 1996). Non molybdenum-alloyed
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stainless steel is normally resistant to chloride concentrations of 100-200 ppm 
(Anonymous, undated).
When contemplating construction materials, there are several aspects to consider (Flint 
and Worn, 1993):
a) Maintenance of hygiene with respect to harmful bacteria during production, 
processing, distribution and serving of food and beverages,
b) Avoidance of contamination by substances released by construction materials 
(particularly for high temperature and acidic environments).
With respect to the first concern, tests have indicated that results for removal of bacteria 
from stainless steel are favourable in comparison to other surfaces, such as enamelled 
steel, polycarbonate plastic and mineral-resin composite (Holah, 1990). After simulated 
wear followed by a cleaning regime, stainless steel was found to have 10 x fewer 
residual surface organisms than the other surfaces after a 5 s washing period. When a 
wiping stage was incorporated into the cleaning procedure, stainless steel was found to 
have 100 X fewer organisms remaining on the surface.
If no corrosion is taking place, then metal ion transfer between surface and food should 
be negligible (Tupholme et al., 1993). Contact between food and stainless steel causes 
neither toxicity nor deterioration of taste, odour or colour (Crolet et al.. Undated). Iron 
and its salts are not toxic and are detected by taste at a concentration of 0.3 ppm, a 
natural deterrent to ingestion. The toxicity of chromium depends upon its valency. 
Chromâtes (Cr^  ^) are toxic, but this hexavalent form may only be produced through 
corrosion of stainless steel under very special circumstances. It is not produced through 
contact between stainless steel and food products. The most likely form resulting from 
such contact is Cr°^  salts, which are not particularly toxic. They are in fact a natural 
constituent of human diets, in the range of 0.02-0.20 ppm. Nickel also occurs naturally 
in foods, usually at levels of 0.01-2.00 ppm. Metal transfer tests with a simulator 
solvent showed migration from Type 304 of 0.01-0.2 ppm Cr and 0.01-0.4 ppm Ni. The 
general principle for stainless steels is that the migration of a given element depends less
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upon their content of the element than on their specific resistance to corrosion. It is 
concluded that there is no risk of poisoning arising from the contact between food and 
stainless steel
Good design and fabrication are required for optimum cleansibility and corrosion 
performance of equipment (Tupholme et al., 1993). A range of surface finishes are 
available for food-contact and non-contact regions, although very coarse finishes are 
avoided. A smooth surface finish offers better protection against pitting and crevice 
corrosion than a rough one (Anonymous, undated). The choice of surface finish, 
however, is less determined by corrosion resistance and more by hygiene demands and 
ease of cleaning. The surface is affected greatly by production processes in the rolling 
mills, with a 2B finish often used as the starting point before polishing to higher finishes.
Considering the above points concerning its use within industry, stainless steel surfaces 
have been chosen as the basis of this study of food-contact surfaces.
2.1.3 - Introduction to milk
Milk and its properties will be discussed in detail in Chapter 4.
2.2 - MATERIALS
2.2.1 - Bacterial strains
The following organisms were used in the study and were obtained from the University 
of Surrey Culture Collection (USCC):
Escherichia coli, USCC 2879 
Listeria monocytogenes (F6861)
Listeria monocytogenes (N5105)
Listeria monocytogenes, USCC 2878 
Pseudomonas fragi, NCIMB 11082
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Serratia marcescens, USCC 2156 
Staphylococcus aureus, USCC 1500,
2.2.2 - Bacteriological media
Bacteriological media were obtained from Oxoid. Media were dispensed as required 
and then autoclaved according to manufacturer’s instructions.
2.2.3 - Stainless steel samples
Stainless steel AISI 304 (American Iron and Steel Institute) with a 2B surface finish was 
obtained from Rigidised Metals Ltd, Middlesex.
Stainless steel Type 304 with a No.8 mirror finish was obtained fi'om Parker Steel, 
Andover. The mirror finish was produced by polishing a 2B mill finish substrate using a 
number of grit finishes, starting with 180, through 260, 400 and finishing with 600 
(Parker Steel, personal communication).
Nearest equivalents of AISI chromium-nickel stainless steels are given in APPENDIX 1.
2.2.4 - Cleaning agents
Stainless steel samples and glassware used for protein adsorption work were cleaned 
using an alkaline surface-active decontamination agent, RBS 25™, available from 
Medline Scientific Ltd (Oxfordshire). Due to its alkalinity (pH 10.3 at 2%), it is suitable 
not only as a degreasing agent, but also for the removal of proteins, even when dried on 
(Product literature). This solution is easily rinsed and should leave no film on the 
samples. Its use is recommended for many industrial applications and is suitable for use 
within the food industry. It is also suggested that the penetrative power of RBS 25 is 
enhanced by ultra-sonication.
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2.2.5 - Milk
The milk chosen for use in the study was UHT skimmed milk (TESCO, Virtually Fat 
Free), to avoid complications with any natural milk flora. Skimmed milk was chosen to 
minimise the effect of the fat content. Typical composition of skimmed milk is given in 
Table 2.2. Once opened, cartons were not stored for reuse in subsequent studies. 
Cartons were stored at room temperature before use and were consistently used within 
the recommended ‘Best Before Date’, as given on each carton.
Table 2.2 - Typical composition of skimmed milk
Milk Constituent % (w/w)
Water 90.8
Carbohydrate 4.8
Fat 0.1
Proteins 3.25
Mineral salts 0.65
Organic acids 0.18
Miscellaneous 0.12
2.2.6 - Individual milk proteins
Individual milk proteins were obtained, as freeze-dried extracts from bovine milk, from 
Sigma®. These bottles were stored at -20°C, within screw-capped jars containing 
silica-gel.
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2.3 - METHODS
2.3.1 - Bacterial maintenance and growth
2.3.1.1 - Bacterial growth in liquid culture
Bacterial cultures were all maintained on plastic beads (Protect^* )^ and stored at -70°C. 
To produce cultures, a single bead was placed into a 250 ml conical flask containing 50 
ml Nutrient Broth and incubated overnight at 25°C and 170 rpm. This culture was then 
used to inoculate a second flask of Nutrient Broth, giving an initial concentration of 
approximately lO"* cfu ml'\ This flask was incubated under the same growth conditions 
until the required growth stage was reached.
2.3.1.2 - Bacterial plate counts
a) Spread plates
Bacterial cultures were diluted using Va strength Ringer’s solution and 0.1 ml of the 
appropriate dilution was placed onto a Nutrient Agar plate and spread evenly. Plates 
were subsequently incubated in an inverted position at 25°C for 48 h.
b) Miles and Misra plates
This method is based on that used by Miles and Misra (1938). Nutrient agar plates,
dried to remove excess moisture, were marked on the base in order to divide into six
equal sectors. Bacterial suspensions were serially diluted in Va strength Ringer’s solution
0.0
and a multi-drop pipette was used to place 6 x pi drops of the required dilutions onto 
an agar sector. Division of the plate into several sectors allowed the analysis of several 
dilutions per plate. Once the droplets had dried, the plates were inverted and incubated 
at 25°C for 48 h.
2.3.1.3 - Determination o f bacterial gi'owth
Bacterial growth profiles were determined by carrying out viable counts on liquid 
cultures over a period of time. Flasks were inoculated by the process described in 
Section 2.3.1.1. Bacterial numbers were estimated at time of inoculation and at regular 
intervals thereafter by removing 1 ml of the culture and enumerating viable numbers by
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the Miles and Misra method as described in Section 2.3.1.2b. Growth curve 
determinations were carried out in triplicate. Graphs illustrating the growth profiles 
obtained are given in APPENDIX 2.
2.3.2 - Preparation of bacterial test suspensions
Bacterial cultures were produced by inoculation as described in section 2.3.1. 1. After 
the required growth period, the suspensions were harvested by centrifugation at 2600 
rpm and subsequently re-suspended in Vi strength Ringer’s solution. The bacterial cells 
were washed twice in such a manner. Cells were finally re-suspended in Vi strength 
Ringer’s solution and adjusted to a final concentration of 1 x 10^  cfu ml'  ^ by optical 
density (OD) at 620 nm. This was verified by preparing spread plates as described in 
Section 2.3.1.2a.
2.3.3 - Polishing of stainless steel samples
The procedure used for ultra-polishing of the stainless steel surfaces is given in Table 
2.3.
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Table 2.3 - Procedure for polishing stainless steel samples
Grinding Polishing
Base SIC SiC SiC Sillc Silk Napped
cloth
Grit size 320* 500** 1200*** 6 pm 3 pm 1 pm
Speed
(rpm)
300 300 300 150 150 150
Lubricant Water Water Water Alcohol Alcohol Alcohol
based based based based based based
Pressure
(N)
30 30 30 30 30 30
Time
(mins)
Until plane 2 2 2 2 2
Tliese grit sizes refer to the European standards. These equate to particles of size * 46 pm, **30
1 * * *  1 Apm and 14 pm.
2.3.4 - Cleaning of stainless steel samples
Stainless steel coupons were placed in glass bottles containing a 2% solution of RBS 
25™ (Medline Scientific Ltd.), in a boiling water-bath, for 30 minutes. Following this 
they were sonicated (38 kHz, Kerry ultrasonication unit) in the same solution for a 
further 30 minutes. The coupons were subsequently rinsed by vortexing in 5 x 10 ml 
sterile RO water and then placed in acetone for 30 minutes to degrease. Following 
further rinsing, as previously described, the coupons were dried in a laminar air-flow 
cabinet. Coupons were flame-sterilised with absolute alcohol (ethanol) and rinsed by 
vortexing in sterile RO water, immediately prior to use. The efficacy of this cleaning
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regime is confirmed by XPS analysis of the surfaces discussed in Chapter 5 (Section 
5.3).
2.3.5 - Treatment of stainless steel samples with milk and milk proteins
2.3.5.1 - Treatment o f stainless steel samples with milk
Stainless steel samples were cleaned as described in Section 2.3.4. Three coupons (2.5 
cm X 1.0 cm) were placed in a glass beaker which had been soaked overnight in 2% 
RBS™ solution, acid washed (soaked overnight in 2% H 2 SO 4 ) and rinsed three times 
with sterile RO water. To these samples, 5 ml of milk was added. A petri-dish lid was 
placed over the beaker to protect from airborne contamination during the adhesion 
period and the samples were subsequently incubated at 20°C for 2 h, with gentle 
swirling (40 rpm). At the end of this incubation period, the samples were removed and 
placed into 10 ml sterile RO water. The bottles were rocked three times to provide 
gentle rinsing. This rinse procedure was repeated. Samples were not allowed to dry out 
before use.
2.3.5.2 - Treatment o f stainless steel samples with individual milk proteins 
Freeze-dried proteins were made up to 5 ml with sterile RO water to give a solution 
with a final concentration of 0.5 mM. Stainless steel samples were incubated for 
treatment with protein solutions and rinsed, as above in Section 2.3.5.1.
2.3.6 - Bacterial attachment procedure
Bacterial suspensions were prepared as described in Section 2.3.2, from cells harvested 
in the early stationary phase (See growth curve determinations, APPENDIX 2). A 10 
ml aliquot of bacterial suspension was placed into sterile glass bottles (25 ml) containing 
either untreated or protein-treated stainless steel samples (supported vertically). Bottles 
were incubated at 20°C under static conditions for the required attachment period. 
Following this, the samples were transferred into bottles containing 10 ml of V4 Ringer’s 
solution and rocked gently three times to rinse. This rinse procedure was repeated in
63
Chapter 2 - General materials and methods
fresh rinse solution then samples removed from the bottles and allowed to air-dry in a 
laminar-flow cabinet.
These methods form the basis of the study, however, further specific methods are given 
in the relevant chapters.
6 4
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CHAPTER 3
ENUMERATION OF ORGANISMS
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3.1 - INTRODUCTION
It is now accepted that microbial populations attached to surfaces feature in most natural 
environments. The understanding of such films and how they function, relies greatly 
upon the techniques employed for studying them. There are a variety of methods 
available for studying biofilms which serve to aid our loiowledge of the distribution of 
organisms, the mechanisms of attachment, those factors which affect attachment and 
assessment of metabolic activity. Several reviews deal with these techniques (Patterson, 
1971; Costerton, 1980; Wardell, 1988; Ladd and Costerton, 1990; Fletcher, 1990). 
Suitability of a technique depends largely on the application and the nature of the surface 
being investigated. This chapter aims to discuss a number of current techniques 
available for enumerating bacteria attached to surfaces and their applicability in the case 
of food processing systems.
3.1.1 - Dilution and Plating
This is a simple technique consisting of swabbing the experimental surface with a sterile 
cotton swab and placing in a bottle of sterile diluent. The bottle is then agitated to 
remove bacteria from the swab surface and the solution is then serially diluted and plated 
out onto a suitable agar medium. Such a simple technique, however, has several 
disadvantages. Underestimation of bacterial numbers may occur due to organisms being 
retained either on the test surface or between the fibres of the swab itself. A possible 
solution to this problem would be to use calcium alginate swabs, which dissolve when 
placed into Ringer’s solution, thus releasing any organisms present into the surrounding 
medium. However, it has been suggested that alginate swabs are not suitable for all 
bacteria (Patterson, 1971). In order to minimise error, this technique is most suitably 
employed on smooth surfaces where large numbers of bacteria are present, such as in a 
multi-layered biofilm. It may be a useful tool in circumstances where direct microscopy 
methods are not applicable.
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An alternative to direct plating is to use contact plating. This requires the test surface to 
be placed into firm contact with a solidified growth medium which may then be removed 
and incubated to give colony counts. There are inherent difficulties with this technique, 
such as ensuring that full contact has taken place and that contact has resulted in 
removal of all the organisms. Consequently, this method tends to underestimate the 
number of attached organisms, but could prove useful in providing information on the 
type of organism present. Scott et al. (1984) found good correlation between ranking of 
surface contamination levels as determined by contact plating and swab sampling. 
However, it was noted that the contact plating technique becomes limited at high 
organism levels. Both sampling methods appeared to work best on wet surfaces.
A variation on contact plating is the agar overlay method, used by Macenzie and River- 
Calderon (1985) to estimate the numbers of S.epidermidis adhered to plastic surfaces. 
The agar contained 0.015% neutral red which when taken up by bacteria results in the 
formation of red colonies. After incubation, these colonies could be seen on the surface 
of the plastic beneath the agar and hence could be enumerated. However, the 
application of molten agar may not be suitable for all organisms, some of which may be 
heat-sensitive and as with contact plating, the technique is limited at high organism 
levels where individual colonies may no longer be distinguished.
3.1.2 - Sonication
One method which seems to receive slightly less attention for the application of 
organism enumeration, is that of sonication. Frequencies of 35-40 kHz induce cavitation 
in fluids, resulting in energy release in the form of a slight temperature increase or shock 
waves. Although the majority of literature in this area reports upon studies on the 
effects of sonication upon microbial destruction, several workers have successfully used 
ultrasonics to remove bacteria from surfaces. Sonication has been used widely to reduce 
bacterial counts such as in the decontamination of poultry skin (Lillard, 1993; Wrigley 
and Llorca, 1992; Lee et al, 1989) and it has been indicated that sonication may be 
associated with a decrease in heat resistance (Sanz et a l, 1985). Garcia et al. (1989),
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found that when ultrasound and heat were applied simultaneously, decimal reduction 
times were reduced. Wrigley and Llorca (1992) also found that killing of Salmonella 
using ultrasonics was enhanced if maintained at 50°C. After 30 minutes, viability was 
reduced by more than 99%. It is possible that in this case, where each subsequent test 
resulted in lower counts, the combined effect of sonication and elevated temperature 
resulted in enhanced microbial destruction. However, there have also been reports on its 
successful use other than as a destructive agent, such as removal of organisms from 
surfaces. Microscopic bubbles in the unit implode (cavitate) under pressure of agitation 
which produces shock waves. This loosens particles or microorganisms from a surface 
through a scrubbing action (Jeng et a l, 1990). Stone and Fryer (1984) used this 
principle to disrupt bacterial clumps in raw milk. Exposure to sonication (25-35 kHz) 
for 5-20 minutes gave an increase in counts, although 30 minutes of sonication began to 
reduce viable numbers below that of the controls. Daufin and Sainclivier (1967) also 
found sonication suitable for lifting adherent bacteria from a dry milk film on a metal 
surface. Organisms were removed but not destroyed by 1.5 minutes of treatment at 80 
IcHz.
3.1.3. - Spectrophotometry
This technique may be used to determine the adherent populations upon transparent 
substrata. With suitable staining, such as oxalate-crystal violet, the optical density may 
be measured [590 nm] (Fletcher, 1976; Shea and Williamson, 1990). If a quantitative 
value is required, a calibration curve may be constructed, of optical density against 
population density, as determined by direct counts. This method provides the advantage 
that large numbers of samples may be analysed in a short space of time, although use is 
restricted to appropriate transparent surfaces such as glass or polystyrene.
3.1.4. - Radiolabelling Techniques
This approach measures the increase in radioactivity of clean surfaces after exposure to 
a radiolabelled bacterial population. Nutrient substrates incorporating most commonly 
(e.g. leucine) or ^H (e.g. thymidine), are used to label the organisms. Bacteria have 
also been labelled with "^In and (Ardehali and Mohammad, 1993), and ^^ Se.
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However, it may be that a substrate used for one organism may be unsuitable for another 
due to diverse nutritional requirements. In addition to this, pre-incubation with a 
substrate may influence attachment capabilities of the organisms under test. For 
example leucine, which may incorporate has been shown to cause substantial 
detachment of bacteria fi'om surfaces, particularly well exemplified by Legionella. This 
method also requires calibration to provide quantitative results and to ensure that i) the 
radiolabel is retained in a stable manner within the cells for the required time period and
ii) the radiation is not adsorbed by the test surface which would consequently give low 
counts. It must be considered that such a technique is limited purely to laboratory 
applications, as in situ environmental samples would require the release of labelled 
compounds into the environment, which is deemed unacceptable.
3.1.5 - Biochemical Assays
A number of cell constituents may be used to relate cell numbers to biomass using 
calibrated biochemical assays. Protein, carbohydrate, ATP (discussed separately in 
greater detail), DNA, lipopolysaccharide and phospholipid content may all be used as 
biochemical markers. Such techniques do not require further growth of the organisms 
involved. For example, for Gram negative organisms, lipopolysaccharide (EPS) 
components may be assessed and for Gram positive organisms, teichoic acids. A 
common test for EPS is the Limulus amoebocyte lysate assay, which forms a gel or 
turbid solution in the presence of protein-LPS of Gram negative organisms. Optical 
density may then be related to bacterial density. Sensitivity ranges of such tests may not 
be as great as is required for adhesion testing and also problems may be encountered 
with the extraction of the component under study.
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3.1.6 - Microscopy
The earlier studies on bacterial attachment used microscopy as a means of investigation. 
Various types of microscopy may be employed to enumerate organisms on surfaces, 
depending on the type of surface under investigation. Each type of microscopy has its 
own advantages and disadvantages relative to a particular application and in general, 
surfaces need to be relatively flat. In addition, without the use of image-analysis 
equipment, counts are possibly influenced by user objectivity. This still remains, 
however, an invaluable tool.
3.1.6.1 - Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM)
SEM has been used by numerous authors in order to enumerate bacteria which have 
attached to surfaces (Mafu et al., 1990) or to help elucidate mechanisms by which they 
do so (Herald and Zottola, 1988a; Zottola, 1983). It may be applied to a range of 
surfaces and improvements in preparative techniques have resulted in increased 
preservation of surface appendages. It can be used to relate the distribution of bacteria 
to the topography of the surface and in addition can give information concerning 
attachment structures such as fimbriae, flagella or extracellular polymer. Samples are 
sputter-coated with gold and then viewed using SEM. It is a costly technique and the 
fixation and dehydration stages can lead to the collapse or shrinkage of structures and 
creation of artifacts.
TEM gives a higher resolution than SEM and, used in conjunction with specific stains, 
gives fine detail. Two types of preparation may be used for studying attached bacteria:
i) negative stained or shadow preparations and ii) thin sectioning. In i), the bacteria are 
viewed from above and can give information on cell numbers and distribution (Herald 
and Zottola, 1988b). However, this limits the substrata to coated EM grids. Thin- 
sectioning may be used to view the region between the bacterium and the substratum. 
Combined with staining, additional information may be obtained, such as the use of 
ruthenium red to visualise anionic polysaccharide adhesive material.
7 0
Chapter 3 - Enumeration of organisms
5.1.6.2 - Transmitted Light Microscopy
Light microscopy may be used to evaluate attachment to glass slides or coverslips. 
Other transparent materials such as polystyrene can be used, but the image is poorer due 
to internal reflection. Samples can be fixed and then stained with a simple stain such as 
crystal violet. Alternatively, negative staining may be used (filtered 10% solution of 
nigrosine), where bacteria will appear light against a dark background.
3.1.6.3 - Fluorescence Microscopy
Often, surfaces under investigation are opaque, thus, transmitted light microscopy 
cannot be used. In such circumstances, it is possible to enumerate the surface bacteria 
using epi-fluorescence microscopy. Epi-fluorescence has been adapted to the needs of 
several applications, being used to monitor biofilm build-up on stainless steel surfaces 
(Wirtanen and Mattila-Sandholm, 1993), to enumerate micro-organisms in foods 
(Pettipher and Rodrigues, 1982), to detect planktonic bacteria in raw milk (Pettipher et 
a l, 1980), for the testing of ultra-pure water systems (Mittelman et a l, 1981) and to 
assess microbial populations on food contact surfaces (Holah et a l, 1988). 
Fluorescence is an optical phenomenon in which light energy is absorbed by a substrate 
Icnown as a fluorophore and is almost instantly re-emitted as light of a longer 
wavelength. When fluorophore molecules absorb energy from the incident light, their 
electronic state changes to an excited state. These molecules are unstable and quickly 
return to their ground state, emitting surplus energy as heat or fluorescence. The 
fluorophores are illuminated with light of a wavelength as close as possible to the peak 
of the excitation or absorption spectrum. Fluorescent dyes used as stains are called 
fluorochromes. Bacteria may be stained with fluorochromes which when excited under 
UV light will fluoresce, the colour being dependent on the stain used. The most 
common stains used are 4, 6-diamidino-2-phenylindole (DAPI) and 3, 6- 
bis[dimethylamino] acridinium chloride (acridine orange [AO]), however, Suzuld et a l, 
(1993), recommended that DAPI be used with caution for counts. They found that 
estimates of bacterial numbers from DAPI counts were approximately 70% of bacterial 
counts made with AO. DAPI fluoresces blue (at above 390 nm) upon excitation with 
UV light (365 nm) when complexed with double-stranded DNA, but when unbound, it
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may fluoresce over a range of yellow colours. Binding requires at least three 
consecutive A + T pairs. It is a non-intercalating, DNA-specific stain, highly specific for 
bacteria staining little detrital material. Acridine orange binds to both DNA and RNA 
with an excitation maximum of 470nm. Single-stranded nucleic acids stained with AO 
fluoresce red/orange , while those that are double-stranded tend to fluoresce green. It is 
thought that AO binds primarily to adjacent phosphate groups in the nucleic acid 
backbone and that dye:dye interactions causes the orange fluorescence. It is 
metachromatic, i.e. it can polymerise to give a change in colour of fluorescence. It binds 
to nucleic acids by two different reactions: a) electrostatic or polar type bonding 
between the basic dye and acidic phosphate groups of the polynucleotide chain, which is 
thought to occur with RNA and b) intercalation of the dye within the double helix 
structure of DNA, between the neighbouring base pairs of the two polynucleotide 
chains. When binding to DNA, the distance between dye molecules is so great that 
dye:dye interactions are prevented, thus, fluorescence is orthochromatic (green). This 
principle is illustrated in Figure 3.1.
Although acridine orange reportedly shows differential colouration ^ ekiveen viable and 
non-viable cells this has been debated by several workers. Bittoiyy/ al. (1993) claimed 
that the colour of the fluorescing cells (green or red) depends^^on the level of moisture 
on the filter. As moisture may vary across the filter, they cjarncluded that it is difficult to
use colour as a basis for cell activity. Pettipher et al. (lÿoO) also pronounced that its use
for determining the activity of bacteria was deba^Me. However, Hobbie et al. (1977) 
found that AO permits actively growing b a ^ r ia  which fluoresce orange-red to be 
distinguished from inactive bacteria whichfltioresce green. They found that out of their 
samples, 95% fluoresced green, a n d ^ ^  remainder red/yellow. They attributed this to 
the fact that mostly green fluore^jefnce is found in nature, which implies inactivity or 
slow-growth. Back and Krol)/fl991) supported this latter statement by their work 
which illustrated that differeinial fluorescence related to ‘activity’ was dependent upon 
growth rates. Howeveydiey concluded that this meant that orange fluorescence did not 
necessarily equate^tpAriability and vice versa. It is probable that differential fluorescence 
is related to a^omplex combination of the amount of AO taken up and the relative
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amounts and types of DNA and RNA in the cell and thg 
dénaturation. — -----
5îc" acid
DNA RNA
Figure 3.1 -  Schematic illustrating acridine orange staining of DNA (left) and RNA (right).
(From Pettipher, 1989)
Although acridine orange reportedly shows differential colouration between viable and 
non-viable cells this has been debated by several workers. Bitton et al. (1993) claimed 
that the colour of the fluorescing cells (green or red) depends upon the level of moisture 
on the filter. As moisture may vary across the filter, they concluded that it is difficult to 
use colour as a basis for cell activity. Pettipher et al. (1980) also pronounced that its use 
for determining the activity of bacteria was debatable. However, Hobbie et al. (1977) 
found that AO permits actively growing bacteria which fluoresce orange-red to be 
distinguished from inactive bacteria which fluoresce green. They found that out of their 
samples, 95% fluoresced green, and the remainder red/yellow. They attributed this to
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the fact that mostly green fluorescence is found in nature, which implies inactivity or 
slow-growth. Back and Kroll (1991) supported this latter statement by their work 
which illustrated that differential fluorescence related to ‘activity’ was dependent upon 
growth rates. However, they concluded that this meant that orange fluorescence did not 
necessarily equate to viability and vice versa. It is probable that differential fluorescence 
is related to a complex combination of the amount of AO taken up and the relative 
amounts and types of DNA and RNA in the cell and the degree of nucleic acid 
dénaturation.
Holah et al. (1988) used two fluorescence techniques to assess microbial populations on 
food contact surfaces; direct epifluorescence microscopy (DEM) and the direct 
epifluorescence filter technique (DEFT). DEM involves the staining of bacteria directly 
on a surface, whçreas DEFT involves first removing the bacteria e.g. by swabbing, and 
filtering the resulting suspension fluid. Although good correlation is generally found 
between such counts and plate counts, it has been noted by several workers (Pettipher 
and Rodrigues, 1982; Holah et al, 1988) that direct epifluorescence often gives slightly 
higher counts. This is likely to be due to the inclusion of inactive or sub-lethally injured 
organisms which may not be represented by plate counts. Holah et al. (1988) also found 
that DEM gave the smallest degree of error in estimating surface populations, followed 
by DEFT then total viable counts.
3.1.7 - ATP Bioluminescence
During metabolism, cells form ‘high-energy’ phosphate bonds in adenosine triphosphate 
(ATP) from which store energy for cell functions is derived. All living microbial cells 
contain some level of ATP and it is this principle which forms the basis of the 
bioluminescence assay. The assay is based upon a reaction that occurs in the North 
American Firefly Photinus pyralis. The ATP present in a bacterial sample may be 
extracted and assayed using a firefly luciferase enzyme, which, in combination with 
luciferin generates a light-emitting reaction. This light may be measured in a
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luminometer and is proportional to the amount of ATP present and thus in principle the 
number of microbial cells. Figure 3.2 outlines the reaction principle.
Luciierase
Luciferin
Luciferase
COLuciferase Oxyluciferin + AMP
+
Luciferin. AMP
+
PPi
ATP = Adenosine triphosphate, AMP = Adenosine monophosphate 
PPi = pyrophosphate.
Figure 3.2 - Principle of ATP bioluminescence.
(From Kyriakides and Patel, 1994)
This method has been used as an alternative to the traditional methods of counting 
organisms such as plate counts, with the major advantage that there is no period of 
growth necessary for the amplification of microbial numbers. Hence, the technique is 
rapid, being completed in a few minutes in most cases and therefore real-time results 
may be obtained. The enzyme reaction used in the assay is sensitive and is able to detect 
approximately 1 pg of ATP, which equates to approximately 1000 average bacterial
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cells. An ‘average’ bacterial cell contains 10"^  ^ g ATP cell‘d or 1 femtogram (fg), 
whereas 10'^  ^g cell'  ^ (Ipg) may commonly be found in mammalian cells.
Although the technique is relatively sensitive, real samples usually contain components 
which affect the results, by the inhibition of luciferase e.g. by pH and temperature, or by 
quenching of the output e.g. by coloured material. Theron et a l (1986a) found that 
skimmed-milk samples quenched the output and necessitated the use of an ATP internal 
standard. The addition of a small, known quantity of ATP allows the output for this 
amount to be determined under a particular set of conditions. The quenching agents 
have thus been accounted for in the results.
A further consideration in the use of this technique is contamination of the sample by 
ATP from a non-microbial source. This has been the subject of several studies. Ideally, 
a ratio of microbial to non-microbial ATP of 1:10'’ is required. Once a ratio of 1 ;5 x 10"^  
is reached, severe problems are encountered. For example, meat samples commonly 
have ratios of 1:10*^  due to red cell ATP. Even if 99.999% of the non-microbial portion 
is hydrolysed, the fraction left is still substantial when compared to the microbial portion 
(Stanley, 1989a). It is possible that in some aspects of food hygiene testing, the 
difference between microbial and non-microbial is not important, as both indicate some 
form of biological residue and are therefore undesirable. However, if the assay is being 
used for assessing microbial numbers, free or non-microbial ATP must be considered. 
Free ATP may also be contained within the medium being used. If, for example, the 
medium is of biological origin, there may be contamination present from somatic ATP. 
Alternatively, ATP may have leaked from cells in culture due to damage or death and 
must be removed if a true representation of intracellular ATP is to be obtained.
Most methods for studying adhesion to surfaces are based upon fluorescence 
microscopy or spectroscopy. ATP has been used as a further technique for studying 
microbial adhesion. The method has been used for the quantification of bacteria 
attached to synthetic polymers (Ludwicka et al, 1985) and was found to correlate well 
with microscope techniques when experimental conditions were controlled. This
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method indicated a higher reproducibility than microscope counts, is more objective and 
can also be applied to irregularly shaped objects such as medical devices.
The technique has been further developed for the assessment of plant and factory 
hygiene. ATP provides a faster alternative than swabs which do not provide results for 
approximately 2 days. It is not feasible to leave processing plants unused for several 
days while results are obtained, thus, the results are retrospective. The ATP assay is 
good for detecting ‘soil’ not just microorganisms, although this lack of discrimination 
may also be a disadvantage in some situations. This method is able to identify recurring 
problems leading to greater financial savings and increased product efficiency. Ogden 
(1993) set up comparative trials between traditional ‘swab’ and ATP methods to set 
pass/fail categories for processing plants. This trial indicated an 84% agreement 
between the two methods. A similar conclusion was reached by Bautista et a l (1992) 
who also found that when used for hygiene monitoring, better results were obtained 
using this method than by using swabs. A comparison of sites before and after cleaning 
showed a 74% agreement between the two methods. Differences in agreement could be 
attributed to the difficulties in detecting spores which have a low ATP content, as do 
stressed organisms. Therefore, these may go undetected by the ATP assay but ‘fail’ by 
traditional plate count methods. When ATP bioluminescence was carried out in 
conjunction with tissue fluid contamination and contact plating for the assessment of 
cleaning and disinfection in the food industry, Poulis et a l  (1993) found poor correlation 
between the methods.
The ATP bioluminescence assay has been used not just for the detection of bacteria upon 
surfaces (Blackburn, 1989), but also bacteria within a product such as beer (Dowhanick 
and Sobczalc, 1994), milk (Griffiths, 1989) and meat (Littel et al, 1986). The 
enumeration of bacteria in raw milk poses a complex problem. Non-bacterial ATP in 
milk is present in two forms; free ATP associated with the colloidal calcium phosphate 
of the casein micelles and also the ATP of eukaryotic somatic cells. The casein 
component of milk sequesters ATP and reduces the sensitivity of the assay to a detection 
level of approximately 5 x 10^  cfli ml'\ Schram and Weyen-van Witzenburg (1989)
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estimate a somatic cell population of 4 x 10^  in milk, whose ATP content is three times 
that of bacteria. The level of free ATP may be equivalent to that found in a bacterial 
population of 1 x 10® cfu ml'\ (Griffiths, 1989). The removal of non-microbial ATP is a 
most critical step. The most common method of removing non-microbial ATP is by the 
use of an ATPase. Following this, the microbial ATP may be extracted and analysed. 
However, it is possible that if an excess of enzyme is added, the bacterial ATP once 
released will also be hydrolysed. The converse may also occur, whereby there is not 
enough enzyme present to hydrolyse all the non-microbial ATP and thus a higher value 
for microbial ATP is obtained than is actually present. Theron et al. (1986b) 
experienced problems with the removal of somatic ATP. Treatments to release ATP 
from somatic cells and hydrolyse free ATP led to reduced ATP content of Enterohacter 
cloacae in sldm and raw milk. Although reduced by 96%, somatic cell treatments failed 
to completely eliminate non-bacterial ATP leaving considerably more than the bacterial 
component. Botha et al. (1986) studied somatic cells and concluded that when present 
in large enough npmbers, they are capable of producing enough hydrolysing enzymes to 
hydrolyse extracted ATP.
Stannard and Wood (1983) were able to separate bacteria from meat by a multi-stage 
process involving centrifugation of homogenate, passing through a cation-exchange 
column and finally filtration through a 0.22 pm membrane filter. Filtration may be used 
as an alternative to the use of an ATPase, as 96% of the ATP was found to be filterable 
and therefore not contained within the microbial cells. It was also determined that 70- 
80% of the microbial population was consistently isolated and a linear relationship found 
between logio microbial ATP and logio colony count over a range of 10^-10  ^ cfu g '\ 
Littel et al. (1986) also used a multi-stage process to trap the microbial population in 
meat, using a double filtration technique. The second filter was used to trap the 
microbial population and hydrolyse the non-microbial ATP source. This procedure was 
able to successfully predict bacterial levels within ±0.5 logio of actual plate counts. 
Good correlation was found between plate counts and ATP for milks with counts of 
greater than lO'^  cfu mf^ (Bautista et a l, 1992) and fish with counts of lO'^  cells g'^  
(Ward et a l, 1986). Ward et al. (1986) were able to create curves predicting microbial
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loads, which gave good agreement between predicted and conventional cfii counts. 
Discrepancies may occur if comparing plate counts with ATP methods. On plates, a 
clump of bacteria represents a colony forming unit, whereas the ATP method would 
detect all individual members. In addition, colony counts depend upon microbial growth 
and therefore the suitability of the medium. ATP indicates the presence of organisms 
whether or not they are growing. Even if they are stressed, they are still alive.
Bacteria usually maintain ATP/cfu levels within a 5-fold range during exponential 
growth. Evidence indicates that ATP/cfu is independent of the growth rate while the 
maximum intracellular levels are dependent to an extent upon the growth medium. It is 
indicated that at higher bacterial concentrations and older cultures, ATP levels are 
reduced.
A number of methods have been described which may be used for the enumeration of 
organisms at surfaces. The aims of the work in this chapter are to investigate the 
following as a means by which adhered bacteria may be enumerated, thus forming the 
basis of further investigations into bacterial adherence:
i) ATP measurements as a means of enumerating bacteria
ii) the suitability of sonication for the removal of attached bacteria from the surface
of stainless steel samples, in a viable state so that they may be subsequently 
enumerated by plate counts
iii) Surface swabbing as a means of removing bacteria from surfaces.
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3.2 - MATERIALS AND METHODS
3.2.1 - Enumeration of organisms by ATP measurements
3.2.1.1 - Analysis o f ATP levels
All manipulations were carried out wearing latex gloves to avoid contamination from 
skin and sweat. Tips used for sample removal were ATP free (Rainin®) and Eppendorfs 
were handled with gloves and autoclaved before use.
Glassware used for weighing out reagents and for the preparation of stock solutions was 
soaked overnight in 2% H2SO4 (laboratory grade). It was then rinsed three times with 
RO water which had been filtered through a 0.2 pm Falcon™ bottle top filter. The 
bottles were finally autoclaved before use.
Analysis was carried out using a Biocounter M2500, (Lumac bv, The Netherlands). 
Prior to running the apparatus, the Biocounter injection tubes were rinsed with 
Bactowash™ (Lumac bv) and washed through twice with sterile, filtered (0.2 pm) and 
autoclaved RO water. The Biocounter delivery tubes were then primed with the 
appropriate reagents. Test samples were maintained at -70°C until required, whereupon 
the tubes were defrosted in a water-bath held at 25°C.
The test sample (100 pi) was pipetted into a Lumacuvette (Lumac, bv). Following this, 
100 pi of benzethonium chloride extractant (APPENDIX 3) was added, the cuvette 
vortexed briefly for 5 seconds and placed into the Biocounter. After 1 minute contact 
time, using the programmable mode of operation, 100 pi of Tween 80 was injected and 
subsequently, after a further 10 seconds, 100 pi of luciferin/luciferase added (Lumit®- 
PM reconstituted with Lumit® buffer, Lumac bv). After an integration period of 10 
seconds, a digital readout in relative light units (RLU) was obtained. A further known 
amount (20 pi) of ATP was added to the sample as an internal standard to allow the 
amount of ATP per microbial cell to be calculated. The standard used was obtained
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from Sigma® Chemicals (UK) and was reconstituted using sterile RO water to a final 
concentration of 0.096 pg ml"\ This was then diluted accordingly to prepare standards 
of various concentrations.
3.2.1.2 - Analysis o f total andfi'ee ATP levels throughout the gi^owth o f S.aureus
The growth profile for S.aureus was determined by the method described previously in 
Section 2.3.1.3. Concurrently, at hourly intervals throughout growth, 0.15 ml of culture 
sample was removed from each of the growth flasks and placed into a sterile Eppendorf 
tube, which was stored at -70°C. These samples were taken to represent total ATP 
levels. Using a syringe, a further sample was removed and filtered through a 0.22 pm 
membrane filter, pushing through very gently. The filtrate was collected in a sterile 
Eppendorf tube and again stored at -70°C. These samples were used as a measurement 
of free ATP levels. The total ATP value minus the free levels of ATP were taken to be 
the cellular ATP levels. Analyses of the ATP levels within the samples were carried out 
as described in Section 3 .2.1.1.
3.2.1.3 - The effect o f Ringer's solution upon the cellular ATP levels
A flask of Nutrient broth was inoculated and incubated until the mid-exponential phase 
of growth (Section 2.3.1.1), which for S.aureus was 15 hours from the initial point of 
inoculation. The culture was then centrifuged and washed as previously described 
(Section 2.3.2) and the pellet resuspended in a Universal bottle containing 18ml Va 
strength Ringer’s solution. The bottles were placed on a bottle turntable at room 
temperature at a rotation speed of 10-20 rpm. After time intervals of 0, 1, 2, 3, and 11 
h, samples were removed for the analysis of both total and free ATP levels, using the 
method previously described in Section 3.2.1.2. Tests were set up in triplicate.
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3.2.2 - Ultra-sonication of suspended organisms
3.2.2.1 - Preparation o f bacterial suspensions
Bacterial suspensions were prepared at levels of 10® cfu mf^ as previously described in 
Section 2.3.2, and samples of this were also diluted to 10^  cfu ml'\ However, in this 
case, the diluent used was Va Ringer’s solution + 50 ppm Tween 20 (to aid removal of 
the organisms) as this would be the diluent used for the detachment of bacteria from the 
surfaces.
3.2.2.2 - Sonication o f samples
Sonication of the samples was carried out in a Kerry ultrasonic cleaning unit at 38 kHz. 
The unit was filled with 450 ml of RO water with 1 drop of detergent added and allowed 
to run for 10 minutes, without samples, before beginning a test. The sample bottles 
were then placed in the bath and treatment started. Tests were carried out in three 
separate replicates. At the end of each set, the water in the bath was changed and the 
system left for V2 h to cool. The procedure was repeated as described for the subsequent 
sample replicates.
3.2.2.3. - Survival o f bacterial suspensions during sonication
10 ml samples of bacterial suspension were placed into sterile Universal bottles and 
capped. The bottles were placed into the sonic bath and treatment started. A plate 
count was carried out on the suspension at time 0, by the Miles & Misra method as 
described in section 2.3.1.2b. Universals containing bacterial suspension were removed 
from the bath after 5, 10, 15, 20 and 25 minutes of treatment. Once removed, plate 
counts were carried out on each of the samples to determine the numbers of viable 
bacteria remaining. Between sample runs, the ultrasonic unit was treated as described in 
Section 3.2.2.2. The tests were carried out in triplicate.
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3.2.3 - Ultra-sonication of surface attached organisms
3.2.3.1 - Bacterial attachment and detachment
Six clean (Section 2.3.4) stainless samples (2B surface finish) were placed into sterile 
10ml vials with 10ml bacterial suspension at 10® cfu m f\ These vials were capped and 
placed on a bottle turntable at a rotation speed of 15-20 rpm. After a period of 2 h, the 
vials were removed and the coupons rinsed twice by placing in 10 mis Va Ringer’s 
solution and gently inverting three times. Three of the steel coupons were then placed 
into Universal bottles containing 10ml Va Ringer’s solution + 50 ppm Tween 20 solution. 
These samples subsequently underwent a set period of sonication treatment (under the 
conditions described in Section 3.2.2.2) followed by vortexing for 1 minute. The 
remaining three samples were not treated, serving as controls. All samples were stained 
with 10 ml of 0.0025% acridine orange for a period of 30 minutes, then rinsed twice 
with sterile RO water. The steel coupons were mounted onto a microscope slide, a drop 
of non-fluorescing immersion oil placed on top and viewed with an epifluorescence 
microscope (Leitz Dialux 20 fitted with 12 Filter block) to determine whether bacterial 
cells had been removed.
3.2.4 - Surface swabbing
Stainless steel samples were exposed to organisms as described in Section 3.2.3.1. 
Following rinsing, the samples were placed into 10 ml 14 Ringer’s solution and rubbed 
(uni-directionally, top to bottom) over the entire surface for 1 minute using a sterile 
cotton swab. The samples were then removed, stained with acridine orange and viewed 
under the microscope, as described in Section 3.2.3.1.
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3.3 - RESULTS
3.3.1 - ATP analysis
The results from cellular ATP levels throughout the growth of S.aureus are given in 
Figure 3.3.
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Figure 3.3 - The fluctuation in ATP levels throughout the growth of S.aureus.
From Figure 3.3, it can be seen that ATP levels do not remain constant throughout 
various stages of growth. Levels are shown to increase rapidly to a maximum of 
approximately 61 fg cell ’, and then to fall away sharply to levels of less than 1 fg cell ’. 
During this period, free ATP levels (Figure 3 .4) are shown to increase to a peak at 22 h, 
and although this level falls it still remains high over the time course of the experiment 
shown in Figure 3.3.
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Figure 3.4 - Levels of free ATP throughout the growth of S.aureus,
Table 3.1 indicates that the suspending medium may profoundly influence cellular ATP 
levels. After just one hour, levels have dropped from 2.75 fg cell"’ to 0.39 fg cell"’ and 
continue to fall thereafter.
Table 3.1 - Effect of % strength Ringer s diluent on cellular ATP levels
TIME (hours) 0 1 2 3 11
ATP (fg cell "’) 2.75 0.39 0.051 0.0051 0.001
3.3,2 - The effect of sonication on bacterial viability
Bacterial suspensions containing either 10* cfu ml"’ or 10^  cfu ml"’, underwent sonication 
treatment to assess its effect upon viability of three different organisms, S.aureus,
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Ps.fragi and Serr.marcescem. Figures 3.5, 3.6 and 3.7 indicate the viable counts 
obtained respectively after various periods of treatment, initial concentration 
approximately 10* cfu ml ’.
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Figure 3.5 -  The viability of S.aureus following sonication treatment.
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Figure 3.6 - The viability of Ps.fragi following sonication treatment.
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Figure 3.7 -  The viability of Serr.marcescens following sonication treatment.
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S.aureus (Figure 3.5) began to show a slight decrease in viable numbers, of 
approximately 1 log unit, at 20 minutes, but a much larger decrease of approximately 3 
log units after a treatment period of 25 minutes. Ps.fragi (Figure 3.6) also showed a 
similar trend, with the greatest effect seen after 25 minutes, although this involved a 
reduction of only 0.5 log units. Plate counts for Serr.matvescens (Figure 3.7) reduced 
by 0.5 log units after 20 minutes and by 4.5 log units after 25 minutes. The greatest 
effect was observed when the bacterial suspension was at a concentration of 
10^  cfu ml"’. Ps.fragi (results not shown) exhibited a reduction in viable numbers after 
just 5 minutes sonication, a trend which remained with increasing treatment time. After 
20 minutes treatment time, no viable counts were obtained for two of the replicates.
From the results obtained from the sonication of bacterial suspensions (Figures 3.5-3.7), 
an effect upon the bacterial population is observed following prolonged treatment with 
sonication. Stainless steel samples with a bacterial surface population, were sonicated 
for up to 25 minutes. Subsequent epifluorescence microscopy of these stainless steel 
samples using acridine orange staining revealed that this period of sonication treatment 
was insufficient to remove the organisms from the surface. These samples were 
compared with those which had not been sonicated and although the attached numbers 
were less, many still remained at the surface. It was concluded that the treatment would 
be likely to prove lethal to organisms before removing them. This concept was 
strengthened by the fact that the lower bacterial concentration, more representative of an 
attached population, was more drastically affected by the treatment.
3.3,3 - Surface swabbing
A qualitative assessment was made of surface swabbing, as a suitable technique for 
removing surface organisms. Samples which had been swabbed and stained were 
compared with samples which had not been swabbed. Epifluorescence microscopy 
revealed that many bacterial cells remained on the surface after swabbing, some of which 
appeared to be damaged. Although it is possible that some areas may have been missed, 
the appearance of damaged cells suggests that these areas had been swabbed, but that 
the action was insufficient to remove the cells.
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3.4 - DISCUSSION
The aim of this work was to examine the suitability of several techniques for the 
enumeration of bacteria upon surfaces.
The first method to be investigated was ATP bioluminescence. If the amount of ATP per 
cell can be determined, then the numbers of microorganisms in subsequent samples may 
be determined by dividing the total amount of ATP detected by the value of ATP per cell. 
However, the results obtained in this study indicated, in accordance with a number of 
other studies, that cellular ATP levels may fluctuate giving rise to problems in analysis. 
It is given in the literature that overall internal levels of ATP remain reasonably constant 
for a given set of environmental conditions and this average value is commonly given as 
1 fg ATP cell ’ (Stanley, 1989b). Further studies indicate that these levels change during 
the growth phase of a culture. In samples where organisms are dividing at differing 
times and are at different stages of their growth cycle, it is the average value which is 
assessed. The ATP levels within a cell may also be affected by external factors, such as 
nutritional status, O2 availability (although this may sometimes be reversed), 
temperature, biocides and antibiotics.
Figure 3.3 shows ATP levels (fg cell"’), in relation to numerical levels of S.aureus, 
throughout the various stages of growth. Initially, ATP levels were extremely low, 
which may be expected as the inoculum used had come from a stationary phase culture. 
Such a culture would possibly be moderately O2 and nutrient limited, hence low ATP 
levels might be expected. These initial readings were too low to be accurately detected 
by the luminometer and background readings were found to be higher than the test 
readings. This could also be a function of the low numbers of organisms initially. The 
first two points have therefore not been plotted here. After several hours in fresh 
medium, ATP levels rapidly increase to a level of approximately 61 fg cell"’. It can be 
seen from the graph that this peak coincides with the late-exponential growth phase of 
the S.aureus culture, when metabolism is high. It is also interesting to note that this
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value corresponds closely to the value of 63 fg ATP cell"’ reported by Johal (1988). 
Following this, the levels of ATP soon fall to very low figures of 0.45 fg cell"’. Again, 
these values are similar to those of 0.25 fg cell" given in the literature (Sharpe^ 1970). 
The levels remain low throughout the stationary phase which explains why the initial 
inoculum used gave virtually undetectable values. Selan et al. (1992) reached similar 
conclusions when carrying out analysis of urinary tract pathogens both in vitro and in 
urine samples. RLU values were found to be higher for comparable numbers of bacteria 
in logarithmic stage of growth than in over-night or stationary-phase cultures. Likewise, 
Stuart (1982) concluded that biomass results based upon cellular ATP measurements 
were inaccurate as content changed and biomass:ATP varied with species and culture 
age.
The variety of figures in the literature indicating cellular ATP values may be explained in 
a number of ways. Firstly, advances in luminometer technology means that instruments 
are now more sensitive and can thus measure lower numbers of organisms more 
accurately than before. Also, it is probable that workers measured values under different 
conditions of pH, temperature and nutritional status, which can influence results as 
previously discussed. Bacterial extraction is another common source of variation and 
one which is considered by some to be the most influential factor (Stanley, 1989a). 
Work suggests that extraction efficiency varies between bacterial strains (Selan et al., 
1992) and different extractants have been shown to exhibit different extraction 
capabilities. Steijns et al. (1989) assayed 4 different extraction methods for ATP, not 
just for efficiency but for potential rapid microbial counting. This group tested 
dimethylsulphoxide (DMSO), tri-chloroacetic acid (TCA), Tris-EDTA and NRB 
(nucleotide releasing broth), for food samples, bacterial cells and yeast cells. Large 
differences were discovered in extractant efficiency, especially for bacteria. DMSO gave 
a greater yield than either TCA or Tris-EDTA. For bacteria, NRB extracted more 
efficiently from some bacterial species than others, where particular problems were 
encountered with Pseudomonas. Jago et al. (1989) reported that the commercial 
extractant NRB caused problems with the response of commercial luciferase and 
therefore interfered with the kinetics of the reaction. Work carried out by Lo (1992) has
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previously indicated that benzethonium chloride was the most efficient extractant for 
S.aureus.
One of the greatest problems remaining with ATP assays, is the removal of non- 
microbial or somatic ATP. The most common approach to this problem is the use of an 
ATPase such as apyrase, to hydrolyse non-microbial ATP before the extraction of 
bacterial ATP takes place. There are a number of problems associated with this method. 
If the task is simply to remove ATP from a medium, the sample may be treated with 
enzymes and then autoclaved to destroy any activity such that extracted bacterial ATP is 
not hydrolysed. For many samples, however, this is not appropriate. The addition of 
enough ATPase to digest free ATP completely, but little enough to prevent carry-over to 
the bacterial sample, is a delicate balance to achieve. Schram et al. (1989) found that 
apyrase cannot easily be inactivated and no satisfactory method has been found which 
will selectively inhibit the ATPase whilst leaving the luciferase unaffected. The use of 
ATPase was avoided in this study for such reasons. A value for free ATP levels in the 
growth medium was obtained by assaying the filtrate obtained from the bacterial 
suspension. This figure was deducted from the total ATP in the bacterial suspension 
sample to give a value for microbial ATP. The values for free ATP given in Figure 3.4 
are shown to increase over time, which could be as a result of cell damage and leakage. 
The levels of free ATP appear to fall after 22 h and the reasons for this are unclear, as 
ATP can often remain stable in solutions for a period of weeks. A possible explanation 
for this could be the concurrent release of enzymes into the medium, capable of breaking 
down the existing free ATP. This indicates that it is crucial to distinguish between the 
two sources of ATP contributing to the total value obtained, as the amount of total ATP 
appears to differ considerably from that contributed by the intact bacterial cells, under 
these circumstances.
As bacterial cultures must pass through a repeated washing phase before the cells can be 
used, the effect of rinsing in Ringer’s solution and the centrifugation process upon ATP 
levels was verified. Even though the bacteria used were taken in exponential phase in 
order to obtain higher ATP values, initial levels were just 2.75 fg cell"’ and after Ih, 0.39
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fg cell’ (Table 3.1). Figure 3.2 indicated that at late-exponential phase, ATP values
were 61 fg cell ’. Thus, there is considerable variation between the value obtained for
3-3late-exponential phase cells illustrated in Figure 3^ 2- and that indicated by Table 3.1. 
Unfortunately, a reading was not taken before the organisms were centrifuged, thus, it is 
possible that levels were rapidly reduced during the washing and centrifugation 
procedure. The values continue to fall at 2, 3 and 11 h. Selan et al. (1992) investigated 
the influence of the assaying parameters upon the bioluminescence assay. They found 
that the readings were not affected by the growth medium or by the conditions of 
growth i.e., whether static or shaken. However, Ludwicka et al. (1985) noted during a 
study of bacterial adhesion that a significant loss in ATP occurred in suspensions 
maintained at room temperature, with only 50% remaining after 4 hours. Blackburn 
(1989) discovered that during adhesion tests, increased numbers of rinses with 
phosphate buffer induced a 1-1.5 logio reduction in the amount of ATP. This supports 
the findings here where it would seem that a harsher environment such as Ringer’s, 
combined with centrifugation, may substantially reduce ATP levels. It should also be 
noted that in addition to the effects due to the medium, the cultures are also becoming 
older over the measurement period. From the information previously discussed, it 
would be reasonable to conclude that this also contributed towards the decrease in ATP.
Although the use of ATP-bioluminescence has been reported by other workers for 
measuring bacterial adhesion to polystyrene (Harber et al., 1983; Ludwicka et al, 1985; 
Blackburn, 1989), it is concluded that this method is not suitable for the application of 
measuring the numbers of bacteria attached to stainless steel surfaces and was thus 
rejected at the first stage. ATP levels per cell are found to vary throughout growth and 
are found to be at their lowest levels during the stationary phase of growth. As the 
bacteria used in the adhesion studies will typically be in the early stationary phase of 
growth, this may cause difficulties in accurately enumerating the adhered population and 
induce large errors, particularly if the attached population is small. Further to this, as 
the technique is not selective, only minimal information would be provided if further 
studies were to involve mixed populations. No indication of relative numbers would be 
obtained unless used in conjunction with another technique. Finally, as many of the
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studies involve the use of milk, it is possible that problems will be encountered in 
removing the substantial amount of free ATP associated with it, before the bacterial ATP 
can be assayed. Griffiths (1989) has suggested that the free ATP may be equivalent to 
that found in a bacterial population of 1x10* cfu ml ’. Stanley (1989a) suggests that it 
may be more useful to use ATP results directly rather than translating them back to other 
methods such as the colony count. This assay still remains a useful tool for hygiene 
assessments.
The second technique investigated for the removal and subsequent enumeration of 
attached organisms was sonication. It was the intention of this investigation to remove 
bacteria from stainless steel surfaces in a viable state such that they could be cultured by 
plate methods. Thus, bacteria could be enumerated and if used in conjunction with 
selective media, useful information concerning relative numbers of individual species 
could be extracted. This would be beneficial where further studies involved the use of 
mixed populations. Previous workers have enumerated organisms by mechanical 
removal from surfaces, usually involving the swab method, followed by plate counts. 
The problems relating to this method have previously been discussed (section 3.1.1). 
Holah et al. (1988) found that below 3x10^ colonies cm‘^ , most organisms remained in 
the cotton matrix and were thus difficult to resuspend. With the sonication technique, 
the bacteria would be released directly into the diluent for plating, so error would be 
reduced. However, Jeng et al. (1990) noted the problems of a lack of method for the 
quantification and standardisation of ultrasound and no reliable means of quantifying the 
cavitation energy.
Tests indicated that the removal solution of % Ringer’s + 50 ppm Tween 20, did not 
affect the viability of the bacteria as compared with % Ringer’s alone, as plate counts 
were similar for both. Survival patterns were produced for three different bacteria: 
S.aureus, Ps.fragi and Serr.marcescens. The replicates were carried out one after the 
other, the water in the sonic unit was changed between each set and the system allowed 
to stand for 30 minutes. However, it was noted that for each subsequent set, the water 
in the unit showed an increase in temperature. After the third set of samples, the
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temperature in the unit had commonly reached 47°C. This was accompanied by a trend 
in the viability counts, which seemed to indicate that the third set of results showed 
reduced viability when compared to the other sets. This effect was most noticeable in 
the lower cell concentration. No viable counts were obtained after 20 minutes for any of 
the three replicates. Set 1 showed little change in count after 15 minutes, set 2 showed 
no viable count at 15 minutes and set three gave no viable count at 10 minutes. The 
great variation in results is indicated by the large standard error bars obtained. This 
would suggest, that the loss of viability was due to the effects of heat rather than the 
action of the sonication itself. Such an inherent problem makes this particular apparatus 
unsuitable for this application, as the unit does not have any temperature control.
The viability tests were carried out in parallel with removal tests. Stainless steel 
coupons with a bacterial surface population were sonicated over a period of 25 minutes. 
This was equivalent to the longest sonication treatment time for the viability test. After 
appropriate rinsing and staining, the samples were observed under the epifluorescence 
microscope along with control samples. These observations indicated that a time-period 
which had significantly reduced the viable population in a bacterial suspension, was not 
sufficient to remove the bacteria from the metal surface. This test was carried out with 
S.aureus and Serr.marcescens. The initial attachment of Ps.fragi was sparse, thus 
making interpretation of removal difficult.
It appears from the results obtained that this particular sonication apparatus is unsuitable 
for this application, i.e. the removal of organisms in a viable state so that they may be 
subsequently cultured. The heat produced by the ultra-sonic treatment appears to be 
more detrimental to the organisms than the treatment itself. It was previously discussed 
that sonication treatment times of 30 minutes may reduce viability (Stone and Fryer,
1984) and that a combined effect of heat and sonication may enhance microbial 
destruction (Sanz et al., 1985; Garcia et al., 1989). It may be possible that if different 
apparatus was used, perhaps at a higher frequency, shorter treatment times could be 
applied, thus causing considerably less stress to the organisms, as Daufin and Sainclivier
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(1967) found. The method described here does not allow for the removal of organisms 
from the metal surface without causing them injury.
A further attempt at mechanical removal from the surface was made using sterile cotton 
swabs. There are a number of disadvantages with this method, some of which have been 
previously discussed (section 3.1.1). Apart from retention of the organisms within the 
fibres of the swab, there is also the possibility that some areas of the surface may be 
missed. Wirtanen and Mattila-Sandholm (1994) claim that swabbing may leave up to as 
many as half of the original cells at the surface. The inaccuracies of such a method are 
also discussed by Pontefract (1991) and Holah (1992). Subsequent fluorescent staining 
of the swabbed surfaces revealed that many organisms were indeed still attached, some 
of which appeared to be damaged. This implies that even if the organisms were 
removed from the surface, it was possible that the damage caused by the removal 
process could have rendered the cells non-viable. This may lead to inaccuracies in 
subsequent plate count analysis.
There are two conclusions which may be drawn from the this:
1) organisms attach so tenaciously that even mechanical means of removal are 
insufficient
2) stainless steel surfaces used for these tests are not entirely smooth, but are covered by 
many machine lines from the production procedure. It is possible that these may well 
provide some degree of protection from removal.
It was concluded, considering the points of discussion given above, that the above 
methods should be rejected in favour of viewing the organisms directly upon the test 
surface, through Direct Epifluorescence Microscopy (DEM) which has been used 
successfully in this study to determine residual orgasm s left at the stainless steel 
surface. The acridine orange staining procedure used in this work provided sufficient 
epifluorescence for organisms to be detected against the dark, opaque background of the
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stainless steel surface. This technique has the advantage that it is relatively simple to 
perform, does not require an intermittent growth period of the organisms and in relation 
to food systems, sample test surfaces may be placed ‘in-line’ such as in food-processing 
equipment, conveyor belts and milk-holding tanks. It may also provide some 
information on bacterial types, based on morphology. This method is favoured by some 
(Pontefract, 1991; Holah, 1992) as being one of the most reliable assessment methods 
and it has been used by a number of workers with respect to the study of biofilms 
relating to food-systems (Hood and Zottola, 1997; Wirtanen and Mattila-Sandholm,
1994). It was decided therefore that this method alone should be adopted in order to 
enumerate the organisms at the surface, despite being more labour-intensive than the 
other methods.
The qualitative observations made on the stainless steel samples following sonication 
and swabbing, did indicate that some differential fluorescence occurred. However, as 
previously discussed, such fluorescence should only be interpreted with caution (Section 
3.1.2). Thus acridine orange staining was adopted as the method of estimating the total 
numbers of organisms at the surface. Thus, all cells whether fluorescing green or orange 
would be included in counts.
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THE EFFECT OF MILK-DERIVED CONDITIONING 
LAYERS ON BACTERIAL ATTACHMENT TO 
STAINLESS STEEL SURFACES.
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4.1 -  INTRODUCTION
4.1.1 - The composition of milk
4.1.1.1 -  General background to milk
Milk is an aqueous solution, typically pH 6.6, comprising proteins, lactose, minerals and 
vitamins which carry emulsified fat droplets and colloidally dispersed casein micelles, 
consisting of protein aggregates together with phosphate, citrate and calcium (Coultate, 
1985). This liquid is essentially a two-phase system consisting of a micellar and a serum 
phase. If the fat is removed from milk, the final product is then referred to as skimmed 
milk, providing it contains less than 0.1% fat. Skimmed milk, although white, appears 
to have a slightly bluer colour than whole milk as its micelles are slightly smaller, 
averaging 200nm. If the casein is removed by precipitation at pH 4.6 (20°C) the 
remaining fluid is referred to as whey or serum. The composition of milk and the 
chemistry of the milk proteins are reviewed in a number of publications (McKenzie, 
1970; Coultate, 1985; Banks and Dalgleish, 1990; Fox, 1992; Swaisgood, 1993)
Bovine milk from the domestic cow {Bos taurus) contains 30-35 g protein L"’ consisting 
of a number of casein proteins and whey proteins. The casein proteins are milk specific 
comprising %-casein, [3-casein (and y-casein an artefact produced as a fragment of (3- 
casein as a result of limited breakdown caused by proteolytic enzymes in milk) and k -  
casein. These proteins constitute the majority of the milk proteins, contributing 
approximately 80% to the total protein content. The whey proteins contribute 
approximately 20% to the total protein content and consist primarily of P-lactoglobulin 
and a-lactalbumin with smaller amounts of immunoglobulins, serum albumin and others. 
The protein composition of bovine milk is illustrated in Figure 4.1.
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42.45%
p-casein
29.72%
Figure 4.1 - The protein composition of bovine milk.
(Data extracted from Banks and Dalgieish, 1990)
4.1.1.2 -  The individual milk proteins
The physicochemical properties of milk are determined largely by the behaviour of the 
casein complex. Caseins were originally defined as the phosphoproteins precipitated 
from milk at pH 4.6. The low isoelectric point reflects the preponderance of acidic over 
basic residues and the presence of phosphorylated serine residues.
a-casein has a molecular weight of approximately 23 500 and may be divided into two 
sub-groups, ais-casein and a 2s-casein. The ‘s’ of a,-casein denotes its sensitivity to 
precipitation by calcium. Ca^  ^ ions tend to reduce the overall charge of the molecule 
thus repulsion between molecules is reduced and aggregation begins to take place, au- 
casein (variant B) has a polypeptide chain of 199 residues, eight of which are 
phosphorylated serines. This group has a molecular weight of 23 614 and carries the 
highest charge of the milk proteins (-20) at milk pH of 6 . 6 . With the exception of asz- 
casein, asi-casein is the least hydrophobic. Hydrophobic residues appear to be 
distributed relatively evenly along the polypeptide chain, as does the charge, except 
between residues 40-80 where there is a cluster of ester phosphates. At low ionic
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strength (0.003-0.01M) and neutral or alkaline pH, this component tends to exist as a 
monomer. Self-association may occur with increasing ionic strength.
as2-casein is the minor a-casein component and has a molecular weight of 25 320. It is 
the least hydrophobic of the caseins and^highly phosphorylated. At neutral pH, the 
charge on the protein is -13 to -18 (depending on the phosphoserine content which may 
be between 11 and 13) distributed such that the C-terminal region carries positive charge 
and the N-terminal region is strongly negatively charged.
p-casein (Mwt 23 983)is the most hydrophobic casein having a polypeptide chain of 
209 amino acids including 5 phospho-serine residues. It possesses a low charge of -12 
at pH 6.6 with a negatively charged N-terminal and a strongly hydrophobic C-terminal 
region. Such properties are characteristic of an amphiphile. This is reflected in micelle­
like behaviour. The driving forces for micelle formation are the hydrophobic 
interactions between C-terminal segments opposed by repulsive charged head groups. 
The shape of the polymer is reported as being thread-like or spherical/oblate ellipsoid at 
higher degrees of association.
K-casein (M wt 19 023) is the second m ost hydrophobic casein protein but carries the 
low est charge at milk pH (-3 .9  at pH 6.6). The m olecule consists o f  a polypeptide chain 
o f  169 residues with cysteine residues at positions 11 and 88 and a serine phosphate 
residue at position 149. K-casein may be divided into tw o regions, a very hydrophobic 
domain (residues 1-105) referred to  as para-K-casein and the glycom acropeptide region  
(the remaining 64 residues) which is far more hydrophilic, carries a net negative charge 
and contains the sites o f  glycosylation. Although displaying amphiphilic behaviour, tins 
is not as pronounced as for |3-casein. The low  ester phosphate content results in 
solubility in calcium-containing media. K-casein is responsible for protecting the other 
proteins from precipitation in milk where the calcium content w ould be high enough to  
precipitate both a -  and j3-casein.. The calcium binding capacity o f  the caseins decreases 
in the order as2>asi>(3>K-casein. The polymer is a spherical particle with diameter o f  
23 nm. ^^NMR studies o f  carbohydrate-ffee and carbohydrate-containing K-casein
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demonstrate that the polymer consists of a rigid core (îhe N-terminal region) 
surrounded by large, flexible, polypeptide regions with higher mobility (C-terminal 
region).
The whey protein a-lactalbumin, molecular weight 14 176, has a chain of 123 residues 
and P-lactoglobulin, molecular weight 18 363, has a chain of 162 amino acids. In fresh 
milk, the serum proteins are in solution and play no part in micelle structure and possess 
a more typically globular structure than the caseins. They lack phosphate groups and do 
not bind large amounts of Ca^  ^or aggregate strongly.
Although the principal protein types have been described, it is recognised that a number 
of genetic variants exist for each (Banlcs and Dalgieish, 1990). The composition of milk 
varies with a number of factors including breed, age and nutrition of the cow.
4.1.1.3 -  Bovine casein micelles
Assembly of casein micelles takes place in the Golgi vesicles of secretory cells. 
Approximately 80% of the casein proteins are present in casein micelle complexes. 
These structures themselves consist of 92% protein with the remaining 8% comprising 
inorganic salts. The casein micelles are formed from aggregates of the casein group of 
phospho-proteins along with calcium phosphate, small amounts of magnesium, sodium, 
potassium and citrate. Milk contains approximately 10^  ^ micelles dm'  ^ with a typical 
micelle containing 2 x 10"^  casein molecules. The structures are roughly spherical in 
shape with a wide range of diameters reported, varying between 50-300 nm (Coultate,
1985) and up to 600 nm (Roilema, 1992). Rollema (1992) also reports that the majority 
of micelles comprise the low mass fraction, with diameters of 15 nm.
The internal structure of casein micelles has not been firmly established and it has proved 
difficult to establish a model for micelle structure accounting for all of its observed 
properties. A number of the proposed models are reviewed by Rollema (1992). There 
are three main model categories, the core-coat models, the internal structure models and 
the submicelle models. Core-coat models principally describe aggregates of casein with
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an outer layer differing from the interior. Such combinations include a core of spherical 
particles formed by and (3-caseins with a surrounding coat of ic-casein or a core of 
compactly folded asi-caseins attached to a looser network of P-casein with K-casein at 
the surface. The internal structure models describe the mode of aggregation. For 
example, the end-to end association of p-casein has been described as a preliminary step 
which tts-casein binds followed by K-casein binding to the otg-casein.
Electron micrographs which show inhomogeneous structure composed of particles of 
approximately 10 nm diameter have been the prime basis for the sub-unit model. 
However, such assumptions have been criticised due to the preparatory methods 
involved. It is argued that such an appearance could be the result of shrinkage or that 
possibly only the more dense regions of protein are visible. Not withstanding this, a 
number of other techniques, such as small angle neutron scattering and small angle X- 
ray scattering are indicative of a sub-unit structure. According to Coultate (1985) the 
most accepted model is that of Slattery and Edvard (1973) which describes micelles as 
consisting of sub-micelle particles. The polypeptide chains are folded into an elongated 
rugby ball shape of which one end is composed of predominantly hydrophobic amino- 
acids. These have a tendency to internalise leaving a predominantly polar region 
pointing outwards a-casein has eight serine residues to which phosphates are esterified 
and P-casein has four of these. K-casein has one or more threonine residues at the polar 
end ^ carry a trisaccharide [a-iV-acetylneuraminyl-(2->6)-P-galactosyl-(l—>6)-7V^  
acetylgalactosamine]. The phosphate groups of both as-casein and P-casein react with 
calcium ions to link submicelles, either directly or via chains which involve further 
phosphate and citrate. The model of Slattery and Edvard suggests that K-casein 
molecules aggregate together in the submicelle with their hydrophilic non-calcium 
binding regions forming a ‘cap’ at which point no crosslinking occurs. This results in a 
trend for the non-linking K-casein to dominate the surface as micellar size increases, 
thereby preventing an indefinite increase in the size of the micelle. A schematic 
illustration of the sub-micelle model is given in Figure 4.2.
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Figure 4.2 - Cross-Link formation between sub-micelles.
(From Coultate, 1985)
A com m on feature o f  the many o f  the micelle models is the location o f  K-casein at the 
surface o f  the micelle. The position o f  K-casein on the outer region o f  the micelle results 
in the formation o f  a stabilising coat, as K-casein is not sensitive to precipitation by 
calcium ions, as are the as- and p-caseins. It is thought that aggregation o f  the micelles 
is prevented in several ways (Horne and Leaver, 1993). Although there are attractive 
forces from within the micelle core, repulsive forces also operate as a result o f  surface
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proteins. This is mainly electrostatic repulsion from negative charges. However, it is 
unlikely that this provides enough repulsion to ensure micellar stability, thus, the 
involvement of steric stabilisation is probable. Regions of the surface proteins may be 
free to extend into the surrounding solution, as loops or tails thus providing a physical 
macromolecular barrier. In this respect, K-casein forms a polymer hair at the surface of 
the micelle. Evidence for this stabilising barrier is obtained from various treatments 
which indicate conformational collapse. The stabilising effect of K-casein may be 
achieved with the hydrophobic para-K-casein region interacting with the hydrophobic 
core of the %- or P-casein complex. The hydrophilic glycomacropeptide may interact 
with the surrounding solvent. This is supported by evidence that the stabilising effect of 
this molecule is lost if the two parts of the molecule are cleaved.
To extend the shelf-life of milk, the product generally goes through some kind of heat 
treatment to reduce microbial contamination. This may be in the form of pasteurisation 
or in the case of the milk used in this study, ultra-heat treatment. Pasteurisation involves 
temperatures high enough to destroy pathogenic organisms and a large number of 
spoilage organisms. Most treatments are ‘high-temperature, short time’ (HTST) and the 
bulk fluid is held at 72°C for at least 15 s.
The process for the production of ultra heat-treated (UHT) milk is outlined below.
Raw Milk IN => UHT steriliser => Aseptic balance tank ==> Aseptic filler => sterile filled 
containers (Burton, 1988a)
The purpose of this type of heat treatment is to produce a product which is sterile but 
with the characteristics of fresh milk. The definition of UHT processing (International 
Dairy Federation) is a treatment of 125°C for not less than 1 s. In practice, this is 
usually 135-150°C with a holding time of several seconds (Banks and Dalgieish, 1990). 
Heat treatment may be achieved either indirectly in a heat exchanger or directly by 
injecting with steam under pressure (Hayes, 1992). With both direct and indirect 
methods of heat treatment, the milk may be heated to 85°C and held for 40-60 s before
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the UHT stage (Banks and Dalgieish, 1990) or 140°C for 5 s then 60°C for 5 minutes 
(Hayes, 1992). Electron microscopy studies have suggested that heated milk shows an 
increase in micelle size. This could possibly be due to dénaturation of serum proteins 
and subsequent aggregation with casein micelles. There is also an increase in very small 
particles, possibly denatured serum proteins. Casein in isolation is little affected by heat 
treatment. The main serum proteins show increasing heat stability in the order BSA<P- 
lactoglobulin<a-lactalbumin. Less dénaturation occurs during UHT sterilisation 
procedures than during in-container pasteurisation (Burton, 1988).
4.1.2 -  Conditioning films and their effect upon bacterial adhesion
In 1936, Zobell and Anderson published work which concluded that one of the reasons 
for increased bacterial activity at surfaces was due to the concentration of nutrients at 
these surfaces as an organic film. Such films are often referred to as ‘conditioning 
layers’ and have been demonstrated universally (Chamberlain, 1992). The adsorption of 
an organic film is an interfacial process in that the molecule is transported from the bulk 
liquid phase to the substratum phase. In many instances, these layers are proteinaceous 
in nature (Baier, 1973). Mixtures of proteins, glycoproteins, proteoglycans and 
polysaccharides exist in low concentrations in aqueous habitats and may originate as 
excretory products from living organisms (Marshall, 1986). Compared to larger 
particles such as bacterial cells, the transport of molecules and small particles to surfaces 
is rapid (Characklis, 1990). Consequently, the adsorption of an organic conditioning 
film is reported to occur ‘instantaneously’, although rate is likely to depend upon the 
concentration of the adsorbate and the affinity for the surface. Work by Neihof and 
Loeb (1976) suggests that adsorption of organics takes place in a matter of minutes, 
resulting in typical values for wettability and surface charge, although material may 
continue to adsorb after this period. Baier (1973) also suggests rapid adsorption of 
proteinaceous films at solid surfaces with layers approximately 5 nm thick forming 
following contact for 5 s. Further contact (60 s) may result in the development of layers 
which are 10-20 nm thick (Baier, 1973; Baier, 1980). Although constituents of the film 
acquired after a longer time period may be removed, evidence suggests that the initial
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components of the layers may be resistant to extraction (Baier, 1973). Molecules such 
as proteins achieve multi-point contacts at surfaces, hence, removal of the molecules 
would thus require simultaneous detachment at each of these sites. This scenario is 
unlikely to occur, thus these molecules are essentially irreversibly adsorbed (Robb, 
1984).
There are several possible roles of the adsorbed layers in microbial adhesion 
(Chamberlain, 1992). They may:
i) modify the physico-chemical properties of the substratum
ii) act as a concentrated nutrient source
iii) suppress the release of toxic metal ions
iv) adsorb and detoxify dissolved inhibitory substances
v) supply required metal trace elements
vi) act as a triggerable sloughing mechanism
vii) suppress inhibitory surface polymer effects
Adsorbed molecules have been shown to alter the original surface properties. 
Demonstrated by contact angle, (3-lactoglobulin caused hydrophilic surfaces to become 
more hydrophobic and hydrophobic surfaces to become more hydrophilic (Yang et al., 
1991). Fletcher and Marshall (1982) also demonstrated the surface modification which 
may occur as a result of the acquisition of an organic conditioning layer. Protein layers 
at the surface of both hydrophobic and hydrophilic polystyrene substrata appeared to 
render these surfaces more ‘wettable’. Organic components of meat juices have been 
shown to affect surface charges of both stainless steel and some plastics (Chamberlain 
and Johal, 1988; Johal, 1988). In seawater, the surface charge of a wide range of 
particles was found to shift from either negatively- or positively-charged to a common, 
low negative charge due to the presence of organics. (Neihof and Loeb, 1972; Neihof 
and Loeb, 1974).
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Organisms tend to adsorb to minimise free energy available in the system, thus the 
approach of hydrophilic organisms to hydrophilic surfaces is generally unfavourable. 
Many conditioning layers are hydrophilic, which may lead to decreased bacterial 
adhesion. It is noted by Chamberlain (1992) that this may be a reason for the 
observation made by Kjelleberg (1984) where starved bacteria become more 
hydrophobic, possibly in order to reach a surface where a more concentrated nutrient 
source may be found. If polymers are located at the substratum, steric effects or charge 
repulsion may prevent close approach by the organism. The adhesion of organisms to 
surfaces may also be controlled by adsorbed polymers at the substratum and bacterial 
cell surface polymers. If polymer levels at the substratum are low then polymer bridging 
may take place. If polymer levels at both surfaces are high, this may well provide a 
barrier to attachment. Polymer loops may be well hydrated which leads to steric 
hindrance and thus separation. Norde (1981) considers the behaviour of flexible 
polymers at interfaces. These polymers involve more or less randomly coiled structures 
which may have some local ordering, such as the caseins. A feature of the adsorption of 
such polymers is that more can be accommodated at the interface than the amount 
required to form a close-packed monolayer. This is a result of a Toop and train’ type 
attachment by which segments exist at the surface (trains) with segments also in the 
solution (loops).
The effects on bacterial adhesion of a protein conditioning layer at a surface appear to 
be varied, influenced by the substratum to which protein adsorption takes place 
(Marshall, 1976), the type of protein adsorbed and the bacterial strain used in the 
attachment assay. In some instances the presence of protein may enhance adhesion, 
such as in the case of S.aureus adhering to surfaces coated with plasma proteins 
(Vaudaux et al., 1995). A similar effect is observed with biliary proteins which were 
able to enhance the attachment of biliary isolates onto stents (Yu et al., 1996). In 
natural systems such as the oral cavity, the acquisition of a conditioning layer (termed 
the pellicle) occurs at the surface of the tooth and this may play a part in bacterial 
adhesion to such interfaces (Gibbons, 1980). Bradshaw et al. (1995) investigated the 
effect of salivary coatings upon the adhesion of a number of bacteria. The most marked
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effects were noted in the early stages of biofilm formation (1 h) and were dependent 
upon bacterial type. Williams et al. (1996) investigated the effect of protein deposition 
on bacterial adhesion to soft contact lenses. The effect of the conditioning film was 
again shown to vary between strains, even those belonging to the same species. 
However, it was noted that coating with two anti-bacterial proteins lysozyme and 
lactoferrin did not inhibit adhesion. Strains of bacteria isolated from acute red-eye 
infections were shown to adhere poorly, indicating that further to adhering, the 
organisms must be capable of multiplying at the protein coated surface, in order to 
produce sufficient endotoxin. Dunne and Burd (1993) examined the effect of protein- 
coated surfaces upon the attachment of various strains of S.epidermidis. They found 
that both fibronectin and albumin, albeit to a lesser extent, caused a reduction in the 
numbers of bacteria adhering to plastic microwells. A slime negative variant was found 
to be unaffected indicating that exopolysaccharide may influence interactions with a 
protein-coated surface.
Streptococcus mutons (serotype b) and Streptococcus mutons (serotype c) were exposed 
to glass surfaces, with and without a conditioning layer of BSA (Abbott et al., 1983). 
There was little difference in the adhesion of serotype b to clean and treated glass 
whereas adhesion of serotype c was inhibited by the presence of the protein layer. 
Adherence of Streptococcus mutans to hydroxyapatite was shown to correlate with the 
nature of the protein layer at the hydroxyapatite surface (Reynolds and Wong, 1983). 
Acidic proteins, asi-casein and bovine serum albumin, inhibited bacterial attachment 
whereas adsorption of basic proteins were shown to either enhance bacterial attachment 
or have no effect.
Bovine serum albumen, gelatin, fibrinogen and pepsin were all found to impair the 
attachment of a marine pseudomonad to polystyrene dishes when coated onto the 
substrate surface (Fletcher, 1976). However, the basic proteins protamine and histone 
had little effect. Only serum albumin pre-treatment upon the bacteria affected adhesion. 
The results produced by Meadows (1971) are found to contradict those reported here to 
a certain extent, as it was found that albumin and protamine added to bacterial
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suspensions inhibited adhesion to glass (ïtetamine. possibly reduced the negative 
charges of the glass and the bacteria) whereas casein and gelatin facilitated it (possibly 
by a converse mechanism). However, albumin is also an acidic protein, yet inhibited 
attachment. The discrepancies between the study described here and that of Fletcher 
(1976) may be due to differences in the bacterial strains used and in the substratum.
The effects of milk or its components upon bacterial adhesion have been noted by a 
number of workers. Austin and Bergeron (1995) investigated the bacterial 
contamination of milk pipelines and observed that areas which made contact with the 
milk product were less heavily contaminated. In particular, the inner diameter of the 
pipes were least affected as were the areas where gaskets formed seals with stainless 
steel pipes and which were fouled with milk solids. At the sides of the gaskets where 
milk solids were not observed, bacterial fouling was greatest. It is not clear from the 
report whether or not these observations could also be related to shear effects. Suarez 
et al. (1992) observed decreased attachment of bacteria in milk as compared with 
Ringer’s solution. Dunsmore and Bates (1982) examined glass surfaces which had been 
immersed in inoculated skimmed milk. Ps.aeruginosa reached high levels on glass slides 
following 12 h immersion whereas coccoid organisms attained very low levels. Rates of 
adhesion were shown to vary considerably between bacterial species. It was
demonstrated that for some of the bacteria a period of 4-6 h was required for irreversible 
adhesion to take place, after which further incubation did not greatly affect the numbers 
attached. However, adhesion from a milk solution was not compared with a non-protein 
containing solution, thus the effect of the milk protein cannot be estimated. The results 
indicate that adhesion can take place in the presence of milk and the extent to which this 
occurs depends upon the organism. Again, as the formation of a conditioning film is 
rapid, it is likely that the bacteria were adhering to a modified glass surface. It is also 
possible that some interaction between the bacterial cell surface and the milk protein 
took place. Speers and Gilmour (1985) conducted tests to examine the effect of milk 
and its components in the suspending medium upon the adhesion of bacteria to glass, 
rubber and stainless steel surfaces. Generally, the greatest attachment was found to
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occur upon the stainless steel surfaces with various milk components either facilitating 
adhesion or having little effect.
The adhesion of Ps.jragi, S.typhimurium and L.monocytogenes to stainless steel was 
studied and the effects of surface conditioning examined (Hood and Zottola, 1997). 
Conditions were created to represent soiling under food-processing conditions, with the 
inclusion of solutions representing milk and sweetened milk products. Surface 
conditioning was shown to have a significant effect, with growth media having little 
influence upon attachment to unconditioned surfaces. A conditioning layer of 
reconstituted skimmed milk was shown to enhance bacterial attachment on several 
occasions, although when organisms were also grown in this medium, attachment 
appeared to be reduced. Once again results were dependent upon the organism, the 
conditioning layer and the growth medium and many combinations of enhancement or 
reduction of adhesion were observed. Helke et al. (1993) observed that the adhesion of 
L.monocytogenes and S.typhimurium were both inhibited by a variety of milks and a 
number of milk proteins. Al-Makhlafi et al. (1994) investigated the effect of the milk 
proteins BSA and P-lactoglobulin upon the adhesion of L.monocytogenes to hydrophilic 
and hydrophobic silica substrata. Numbers of attached bacteria were found to vary with 
protein type. The adhesion of L.monocytogenes was also investigated following 
sequential and competitive adsorption of BSA and P-lactoglobulin (Al-Makhlafi et al.,
1995). Numbers of adhered bacteria were shown to vary according to the order of 
protein adsorption, the time allowed for adsorption to take place and the surface to 
which the adhesion was taking place.
It is obvious from the results described that the effect of adsorbed molecules on bacterial 
adhesion to surfaces is highly varied. The process appears to be affected by many 
components of the system such as the growth medium used for the organisms, the 
suspending medium, the adsorbate at the surface, the surface itself and the particular 
organism used. This chapter intends to study the adhesion of a number of bacteria 
(chosen for their food-spoilage or pathogenic potential) to stainless steel surfaces. The
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effect of treating these surfaces with a number of milk-derived solutions will also be 
investigated, in terms of the levels of bacterial adhesion achieved.
4.2 - METHODS
4.2.1- Measurement of surface roughness using Confocal Scanning Laser 
Microscopy (CSLM)
Surface roughness measurements were made on two stainless steel 304 materials. One 
of these surfaces had a 2B finish and one of them a No. 8 mirror finish (Section 2.2.3). 
Stainless steel sections were cut to dimensions of 1.0 cm x 2.5 cm and cleaned as 
described in Section 2.3.4. For each type of surface finish, 5 measurements of surface 
roughness were made on the bare stainless steel surface. Measurements were made 
using a Zeiss CSLM 2 in the conventional reflected mode, employing a 633 nm laser, x 
50 objective and working at an interval distance of 25 nm. Results for these 
measurements are given in Table 4.1 in Section 4.3.1. Figures 4.3 and 4.5 indicate 3- 
dimensional profiles of surface topography created using the CLSM and Figures 4.4 and 
4.6 give 2-dimensional surface images also created using the CSLM. A number of 
samples were also treated with milk and analysed. Skimmed milk was serially diluted in 
RO water down to a 10"^  dilution. These dilutions were then used to treat stainless steel 
samples with a 2B surface finish (Section 2.3.5.1). These samples were analysed in the 
same manner as described above.
4.2.2 - A comparison of bacterial adhesion to stainless steel of two different surface 
finishes
Bacterial adhesion was compared to both untreated and milk-treated stainless steel 
samples with two different surface textures. Twelve stainless steel samples, six with a 
2B finish and six with a No.8 mirror finish, were cleaned as described in Section 2.3.4. 
Three samples of each surface finish (three x 2B surface finish and three x mirror finish) 
were treated with sldmmed milk as described by the method in Section 2.3.5.1. 
Bacterial suspensions of both S.aureus and L.monocytogenes (F6861) were prepared 
according to the method given in Section 2.3 .2. Following this, all twelve samples were
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exposed to the bacterial suspension for 2 h at 20°C, as described in Section 2.3.6. At 
the end of the attachment period, the samples were rinsed (Section 2.3.6) then placed in 
10ml of 0.0025% acridine orange solution and left to stain for 30 minutes. After 
staining, samples were removed into 10ml of RO water and rinsed twice. The samples 
were placed in a darkened laminar air-flow cabinet to avoid photofading whilst drying. 
A Leitz Dialux 20 fluorescence microscope fitted with an 12 filter block was used to 
view the samples and a xlOO oil immersion objective, with non-fluorescing immersion 
oil. Twenty fields were counted for each of the triplicate samples.
4.2.3 - Scanning Electron Microscopy (SEM) of bacteria adhered to stainless steel 
surfaces
Stainless steel samples (1.5 cm x 1.0 cm) with either a 2B surface finish or mirror finish 
were cleaned as described in Section 2.3.4. These samples were subsequently treated 
with bacteria and rinsed as described in Section 4.2.2. The samples were allowed to dry 
in a laminar air-flow cabinet. Samples were gold-coated, mounted onto stubs and 
examined using a Cambridge SI00 instrument at 15 kV. Several 2B samples were also 
milk-treated (Section 2.3.5.1) and analysed as above.
4.2.4 -  The adhesion of S. aureus to water-treated stainless steel
Six stainless steel 2B samples (2.5 cm x 1.0 cm) were cleaned as described in Section 
2.3.4. Three of the samples were placed in a beaker to which was added 5 ml of sterile, 
RO water. This beaker was then incubated at 20°C for 2 h, with gentle swirling. The 
samples were subsequently rinsed (2 x 10 ml RO water). A suspension of S.aureus was 
prepared (as described in Section 2.3.2) and all six samples were exposed to 10 ml of 
this suspension under the conditions described in Section 2.3.6. At the end of the 
attachment period, samples were rinsed, stained and enumerated as described in Section 
4.2.2.
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4.2.5 -  The adhesion of bacteria to milk-treated stainless steel
Samples of stainless steel (2B) were cleaned (Section 2.3.4) and exposed to 5 ml of 
skimmed milk (Section 2.3.5.1) at 20°C for 2 h, with gentle swirling. Rinsed samples 
were then exposed to monoculture bacterial suspensions prepared as described in 
Section 2.3.2 and attachment allowed to take place as described in Section 2.3.6. These 
bacteria were S.aureus, Serr.marcescens, L.monocytogenes, L.monocytogenes (F6861), 
L.monocytogenes (N5105), E.coli and Ps. fragi. Each species of bacteria were exposed 
to three untreated samples and three milk-treated samples. At the end of the bacterial 
adhesion period, samples were rinsed and subsequently stained with acridine orange as 
described in Section 4.2.2. Samples were also treated with milk but were not exposed 
to bacteria. These samples were also stained and examined.
4.2.6 -  Adhesion of bacteria to stainless steel treated with individual milk proteins
Stainless steel samples (2B surface finish) were cleaned (Section 2.3.4) and treated with 
the individual milk proteins a-, (3-, K-casein or a-lactalbumin (Section 2.3.5.2). 
Bacterial suspensions were prepared (Section 2.3.2) and attachment allowed to take 
place (Section 2.3.6). Samples were stained and enumerated as previously described 
(Section 4.2.2).
4.2.7 -  Adhesion of S. aureus to a stainless steel surface following adsorption of 
casein hydrolysate
Stainless steel samples were cleaned (Section 2.3.4). Three samples were milk-treated 
(Section 2.3.5.1) and three were treated with casein hydrolysate at a concentration of 8 
mg ml'^  (in sterile RO water), under the same conditions. Three remaining samples were 
left untreated. The samples were all exposed to a suspension of S.aureus, as described 
in Section 2.3.6 and enumerated as previously described (Section 4.2.2).
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4.2.8 -  Adhesion of bacteria to stainless steel following treatment with a range of 
milk dilutions
Stainless steel samples (2B or mirror-finish) were cleaned as described in Section 2.3.4. 
Skimmed milk was serially diluted in sterile RO water down to a 10’^  dilution. Triplicate 
samples were treated with 5 ml of these milk dilutions (Section 2.3.5.1). After rinsing, 
samples were exposed to bacterial suspension (Section 2.3.6) and incubated for 2 h. 
Following rinsing, samples were stained and enumerated (Section 4.2.2).
4.2.9 - The effect upon bacterial adhesion of glutaraldehyde treatment of a milk 
layer at a stainless steel surface
15 stainless steel samples were cleaned as previously described in section 2.3.4. Of 
these samples, 9 were treated with skimmed milk and subsequently rinsed (Section 
2.3.5.1). Solutions of 5% and 10% glutaraldehyde (Agar®, 25% stock solution, EM 
grade) were prepared by dilution of stock solution with sterile RO water and 10ml 
aliquots placed in sterile bottles. Of the milk-treated samples, 3 were placed into bottles 
containing 5% glutaraldehyde solution, 3 into 10% solution and 3 into 10ml of sterile 
RO water. TheseJjottles were incubated at 20°C under static conditions, for a period of 
2 h. During this time, a further three samples were milk treated for 2 h, as previously 
described in Section 2.3.5.1, but received no glutaraldehyde treatment. At the end of 
the 2 h glutaraldehyde/milk treatment period samples were removed and rinsed. The 3 
samples treated with milk only were rinsed twice in 10ml sterile RO water. The 
remaining milk-treated samples, which were subsequently treated with RO water or 
glutaraldehyde, were rinsed 3 times in 10ml sterile RO water. Three stainless steel 
samples remained clean but untreated. Bacterial suspensions of either S.aureus or 
L.monocytogenes were prepared (Section 2.3.2) and the samples were exposed to the 
suspensions (Section 2.3.6) then stained and enumerated (Section 4.2.2).
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4.2.10 - Demonstration of proteolytic activity
Each of the following organisms, S.aureus, L.monocytogenes (F6861) and 
Serr.marcescens were plated out on milk agar plates to assess their proteolytic activity. 
Milk agar was prepared by adding 50ml of U.H.T skimmed milk to 450ml of molten, 
sterile Nutrient agar and mixing thoroughly. Each organism was streaked out onto two 
milk agar plates, one of which was inverted and incubated at 20° C for 48 hr and the 
other inverted and incubated at the optimum growth temperature for that particular 
organism. Plates were photographed against a light box to assess for proteolytic 
activity, as indicated by zones of clearing in the milk agar.
4.2.11 -  The effect of an adsorbed milk layer upon the adhesion of a binai*y 
bacterial suspension
18 stainless steel samples (2.5 cm x 1.0 cm) were cleaned (Section 2.3.4) and half of 
them treated with milk (Section 2.3.5.1). Individual suspensions of two bacterial species 
were prepared (Section 2.3.2). Three untreated and three milk-treated samples were 
exposed to each of the individual bacterial suspensions (Section 2.3.6). Further to this, 
equal volumes of the two bacterial suspensions were added together, mixed thoroughly 
then used to treat three more untreated and three more milk-treated samples. All 
samples were subsequently rinsed and stained for enumeration (Section 4.2.2).
Summary o f tixatment:
3 X untreated samples, 3 x milk-treated samples exposed to organism A 
3 X untreated samples, 3 x milk-treated samples exposed to organism B 
3 X untreated samples, 3 x milk-treated samples exposed to mixed suspension (organism 
A + organism B)
4.2.12 - The effect of an adsorbed milk layer upon sequential adhesion of bacteria
Twelve stainless steel samples (2.5 cm x 1.0 cm) were cleaned (Section 2.3.4) and 
subsequently six were treated with milk (Section 2.3.5.1) and six were left untreated.
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All twelve samples were then exposed to an early stationary phase culture of organism A 
(Section 2.3.2). These samples were incubated for 2 h at 20°C under static conditions 
(Section 2.3.6). Following the rinsing procedure, three milk-treated samples and three 
untreated samples were subsequently stained with acridine orange (Section 4.2.2) to 
assess the contribution to total adhesion made by the first challenge with bacteria. The 
remaining six samples (three milk-treated, three untreated) were exposed to a 
suspension of organism B. During the adhesion period of organism A three more clean 
samples were milk-treated and a further three were left untreated such that they were 
ready to use at the end of the first incubation period. The six freshly prepared samples 
(three treated, three untreated) were then exposed to organism B along with the six 
samples (three milk-treated, three untreated) which had previously been exposed to 
organism A. These samples were now also incubated for a period of 2 h at 20°C under 
static conditions. Following rinsing, the samples were enumerated in the same manner 
as before. For those samples that were exposed to two different organisms, 
identification was based on cell morphology.
Summary o f treatment:
6 X untreated samples, 6 x milk-treated samples exposed to organism A 
3 X the above untreated samples, 3 x the above milk-treated samples already exposed to 
organism A, now exposed to organism B
3 X untreated samples, 3 x milk-treated samples exposed to organism B
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4.3 - RESULTS
4.3.1 - Measurement of surface roughness using Confocal Scanning Laser 
Microscopy (CSLM)
Table 4.1 indicates the average values obtained from 5 readings made on each type of 
surface finish.
Table 4.1 - Surface roughness values obtained for stainless steel 304 with a 2B 
surface finish and a No.8 mirror surface finish.
Roughness
parameter
2B surface finish
Average SE ofM
Mirror surface finish
Average SE ofM
Ra
Rt
Rmax
Rz
0.41
3.04
3.01
2.31
0.01
0.25
0.26
0.10
0.04
0.61
0.58
0.42
0.00
0.12
0.12
0.08
(The average measurement and the standard error o f the mean [SE ofM ] are given to 2 decimal
places)
Table 4.1 indicates various surface parameters for two types of stainless steel surface 
finish. The definition of the parameters determined are given below (Sander, 1991):
Ra - This is the arithmetical average of all departures of the profile from the mean line. 
Due to the mathematics involved, the effect of exceptional profile peaks is diminished. 
However, this is one of the most widely used and quoted parameters.
Rt - This is the maximum roughness depth and is the difference between the highest and 
the lowest points of the profile and is sensitive to exceptional profile peaks and valleys. 
Rmax - This is the largest single peak-to-valley height
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Rz - This is the average of the single peak-to-valley heights and is a measure of the 
average ruggedness of a surface.
It can be seen from the results in Table 4.1 that overall the 2B surface is far rougher than 
the mirror finish surface. A higher level of roughness is indicated by the greater Ra 
values for the 2B surface. These data are supported by the Rt, Rmax and Rz values 
which indicate larger peak to valley heights for the 2B surface than for the mirror finish 
surface.
Figures 4.3 and 4.5 indicate 3-dimensional profiles of surface topography for the 2B and 
mirror finish surface respectively, whilst Figures 4.4 and 4.6 give complementary 2- 
dimensional surface images of the surfaces.
CSLM was also carried out on milk-treated surfaces. There were no visual differences 
between the treated and the untreated samples (images not shown). Table 4.2 indicates 
Ra values for stainless steel with a 2B surface treated with a range of milk dilutions.
Table 4.2 -  Ra values for milk-treated stainless steel samples (2B surface finish)
Sample
treatment
Ra values Standard error of the mean
Untreated 0.52 0.05
Neat milk 0.69 0.09
Milk X  1 0 ' ^ 0.46 0.02
Milk X  10'^ 0.62 0.12
Milk X  10’^ 0.80 0.05
Milk X  1 0 ’^ 0.42 0.02
Milk X  1 0 ' ' 0.52 0.04
The results given in Table 4.2 do not show conclusively any trends arising from milk- 
treatment.
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Figure 4.3 - 3-Dimensional topographical image of a stainless steel 2B surface produced
from CSLM.
Figure 4.4 - 2-dimensional surface image of a stainless steel 2B finish sample, produced
from CSLM.
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Figure 4.5 - 3-Dimensional topographical image of a stainless steel No.8 mirror surface
produced from CSLM.
Figure 4.6 - 2-dimensional surface image of a stainless steel No.8 mirror finish sample,
produced from CSLM.
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As the nature of each of the surfaces had been determined in terms of roughness 
parameters, adhesion studies were executed in order to determine the effect, if any, of 
different surface textures on bacterial adhesion.
4.3.2 - A comparison of bacterial adhesion to stainless steel of two different surface 
finishes
The adhesion of S.aureus and L.monocytogenes (F6861) bacteria to both a rough (2B) 
and a smooth (mirror) surface was investigated, both with and without the presence of a 
conditioning milk film. Results are given in Figures 4.7 and 4.8.
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Figure 4.7 - The adhesion of S.aureus to stainless steel surfaces with a 2B and a mirror- 
finish surface, with and without surface pre-treatment with milk.
In Figure 4.7 above, it can be seen that the trend is the same for adhesion to both types 
of surface. In both cases, adhesion to the untreated stainless steel surface is substantially 
higher than adhesion to the milk-treated surface. Milk-treatment caused a reduction of
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79.1% in adhesion to the stainless steel 2B-finish surface whilst milk-treatment of the 
mirror-finish surface resulted in a 76.8% reduction in adhesion. However, adhesion to 
the 2B surface proved to be significantly higher than adhesion to the smoother mirror- 
finish surface [t-test (P< 0.05)]. Adhesion to the milk-treated 2B surface also proved to 
be significantly higher than adhesion to the milk-treated mirror surface for S.aureus 
(P<0.05).
> 20
I- - - - - - 1
2B - Milk 2B + M ilk M irror - Milk
Surface type and treatment
M irror + Milk
Figure 4.8 - The adhesion of L.monocytogenes (F6861) to stainless steel surfaces with a 2B 
and a mirror-finish surface, with and without surface pre-treatment with milk.
The attachment of L.monocytogenes (F6861) as shown in Figure 4.8 is extremely similar
» sfor the two types of surface and am not significantly different (P>0.05). Treatment of 
the surfaces with skimmed milk before bacterial adhesion takes place causes a 
considerable decrease in the subsequent attachment when compared with the untreated 
surface. Levels of L.monocytogenes at the 2B surface are reduced by 95.5% when 
adhesion follows milk-treatment of the surface. Numbers at the mirror surface are
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reduced by 97.0% by milk-treatment. The numbers adhering to the two types of milk- 
treated surface are shown to be significantly different (P<0.05).
4.3.3 - Scanning Electron Microscopy of bacteria adhered to stainless steel 
surfaces.
Figure 4.9 indicates S.aureus at the untreated stainless steel 2B surface and 4.10 
indicates the same organism at the untreated mirror-finish surface. Figure 4.9 is at a 
higher magnification than Figures 4.10. Some cell distortion is apparent in the SEMs 
due to the process of sample drying and the effects of the vacuum produced by the 
instrument. The SEMs show that some of the organisms at the surface are associated 
with depressions but this is not always the case and many organisms are also located at 
‘smoother’ regions. The occasional association of organisms with scratches at the 
surface of the stainless steel appears to be more marked with the mirror-finish surface. 
However, once again organisms are also located at the ‘smooth’ regions on the sample.
Figure 4.9 - Scanning Electron Micrograph of S.aureus at a stainless steel 2B surface.
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Figure 4.10 - Scanning Electron Micrograph of S. aureus at a stainless steel mirror-finish
surface.
Figure 4.11 is an SEM of L. monocytogenes (F6861) at an untreated 2B surface and 
Figure 4 .12 is an SEM of the same organism at an untreated mirror-finish surface.
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Figure 4.11 - Scanning Electron Micrograph of L.monocytogenes (F6861) at a stainless steel
2B surface.
Figure 4.12 - Scanning Electron Micrograph of L. monocytogenes (F6861) at a stainless steel
mirror-finish surface.
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Figure 4.11 shows the organisms on a 2B surface where they appear to be oriented in a 
random fashion. This is also observed at the mirror-finish surface (Figure 4.12). There 
seems to be no particular trend in association with grooves or scratches in the surface 
and organisms appear to be situated in parallel with, perpendicular to or diagonally 
across such features.
Samples of the 2B surface which had been milk-treated were also prepared for SEM, 
although no milk-soil was observed (SEM not shown). This is probably due to the 
dehydration during drying resulting in loss of structure.
As the 2B surface finish is most widely used in the food industry, the majority of further 
studies were carried out using this type of surface finish. Milk has been shown to cause 
a reduction in attached numbers, but before any further tests were conducted, the effect 
of treating the surface with water was investigated for its effect on bacterial adhesion, as 
this is a major constituent of milk.
4.3.4 - The adhesion of S. aureus to water-treated stainless steel
The effect of treating the stainless steel 2B surface with sterile RO water prior to 
exposure to the bacterial suspension was examined. The adhesion of S. aureus to clean 
but untreated stainless steel samples was compared with adhesion of S.aureus to 
samples which had been pre-treated with sterile water. The adhesion of bacteria to the 
water-treated sample was found to be 84% of that at the untreated surface (76 
bacteria/field of view versus 64 bacteria/field of view). This difference was found to be 
significantly different (P<0.05).
The effect of a milk conditioning-layer at a stainless steel surface has already been 
demonstrated for S.aureus and L^monQeytogms- (F6861). This effect was also 
investigated for a number of other organisms to determine whether the same trend is 
observed. Data for these two organisms are included in the series.
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4.3.5 -  Bacterial adhesion to milk-treated stainless steel
A pre-adsorbed milk layer on stainless steel was studied for its effect upon the adhesion 
of a range of bacteria. The results are illustrated in Figure 4.13.
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Figure 4.13- Pre-treatment of stainless steel with skimmed milk and its effect upon bacterial
adhesion.
In all cases, the milk layer is shown to reduce bacterial attachment, never to augment it. The 
effect of the adsorbed milk layer was also investigated for both Ps.fragi and for E.coli (not 
included on the graph). However, these organisms attached in low numbers initially, thus 
preventing the determination of the effect of the milk layer. An attempt was made to increase the 
adhesion of these two organisms with 0.1% glucose in both the suspension medium and the rinse 
solution. This did not appear to affect the attached numbers of these two organisms.
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Figures 4.14 and 4.15 are epifluorescence photographs of S.aureus adhering to untreated and 
milk-treated stainless steel (2B), illustrating the difference in observed attached numbers between 
the untreated and the milk-treated samples.
Figure 4.14 -  Epifluorescence photographs of S. aureus adhered to an untreated stainless
steel sample with a 2B surface finish.
Figure 4.15- Epifluorescence photographs of S.aureus adhered to a milk-treated stainless
steel sample with a 2B surface finish.
128
Chapter 4- The effect of milk-derived conditioning layers on bacterial attachment to stainless steel
surfaces
4.3.6 -  Bacterial adhesion to stainless steel pre-treated with individual milk 
proteins
Once the effect of ‘complete’ skimmed milk had been established individual milk 
proteins were investigated for their ability to affect the adhesion of bacteria to stainless 
steel. The results for S.aureus are given in Table 4.3.
Table 4.3 -  The effect of individual milk-proteins (0.5 mM) upon the adhesion of
S. aureus to stainless steel (2B fînish)
Protein Bacteria/field Reduction in
Untreated Treated adhesion
a-casein 142.3 ±4.3 40.3 ± 1.6 71.7%
p-casein 142.3 ±4.3 11.3 ± 1.3 92.1%
K-casein 142.3 ± 4.3 16.5 ±1.7 88.4%
a-lactalbumin 142.3 ±4.3 85.9 ±2.9 39.6%
(Results are given ± standard error of the mean)
The effect of individual milk proteins was also investigated îor L.monocytogenes F6861 
The results for this test are indicated in Table 4.4.
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Table 4.4 -  The effect of individual milk-proteins upon the adhesion of 
L. monocytogenes (F6861) to stainless steel (2B finish)
Protein Bacteria/Held Reduction in
Untreated Treated adhesion
a-casein 34.0 ±1.5 0.87 ±0.2 97.4%
p-casein 40.8 ± 1.1 2.1 ±0.3 94.9%
K-casein 52.9 ± 1.8 1.9 ±0.2 96.5%
a-lactalbumin 34.0 ±3.8 8.8 ±1.7 74.1%
(Results are given ± standard error of the mean)
In all cases a decrease in adhesion is observed. It also appears that the casein-proteins 
appear to be more effective in reducing bacterial adhesion than the whey protein, a- 
lacatalbumin. Since this is the smallest of the proteins, another treatment was 
investigated comprising shorter peptide lengths to demonstrate whether size could be 
related to the effect observed.
4.3.7 -  Bacterial adhesion to stainless steel pre-treated with casein hydrolysate
Bacterial adhesion to stainless steel was also investigated following adsorption of a 
compound consisting of shorter peptide lengths. This level of adhesion was compared 
to that following milk adsorption. Figure 4.16 indicates the adhesion of S.aureus to 
untreated stainless steel (2B) and samples treated with either milk or casein hydrolysate 
prior to bacterial exposure. Bacterial adhesion to the milk-treated sample was reduced 
by 95.4% when compared with the numbers of bacteria observed at the untreated 
surface. The casein hydrolysate treatment resulted in a smaller reduction of 54.8%.
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Figure 4.16 -  Adhesion of S.aureus to stainless steel pre-treated with milk and casein
hydrolysate.
4.3.8 -  The effect of time upon the adhesion of S. aureus to milk-treated surfaces
Up until this point, adhesion tests have been carried out over a period of 2 h. It was 
therefore examined whether or not longer contact between the bacteria and the surface 
would result in greater attachment. Milk-treated and untreated stainless steel samples 
were exposed to bacterial suspensions of S.aureus for 2 h and 6 h. Treated and 
untreated samples were also exposed to % Ringer’s solution (as used to suspend the 
organisms) for 4 h before exposing for 2 h to the bacterial suspension Figure 4.17 
indicates a small increase in adhered numbers at the untreated stainless steel surface 
following 6 h exposure when compared with the samples following 2 h exposure. There 
is little difference between the milk-treated samples. Again, there is a small increase in 
the numbers adhered to the untreated sample which was allowed to stand in Ringer’s 
before exposure to bacteria, when compared with the adhesion time of 2 h. There is 
little difference between the milk-treated samples.
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Figure 4.17 -  Adhesion of S.aureus to stainless steel following exposure times of 2 h, 6 h 
and 2 h following a period of 4 h standing in % Ringer’s solution.
4.3.9 -  Adhesion of bacteria to stainless steel following treatment with a range of 
milk dilutions
In a food processing situation, it is possible that surfaces may at times be exposed to 
dilute milk solutions through rinsing procedures. The effect on bacterial adhesion of 
exposing stainless steel to such solutions was examined. Stainless steel samples with 
either a 2B or a mirror surface finish were cleaned and subsequently treated with a range 
of milk dilutions. Following this, the samples were exposed to bacterial suspensions of 
S.aureus, L.monocytogenes (F6861) or Serr.marcescens. S.aureus was also exposed to 
mirror-finish samples treated with the same dilutions. The results indicate the
subsequent levels of bacteria at the surface of each sample.
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Figure 4.18 -  The adhesion oiS.aureus to 2B-finish stainless steel samples which have been
pre-treated with a range of milk dilutions.
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Figure 4.19 -  The adhesion of L. monocytogenes (F6861) to 2B-finish stainless steel samples 
which have been pre-treated with a range of milk dilutions.
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Figure 4.20 -  The adhesion of Serr.marcescens to 2B-finish stainless steel samples which 
have been pre-treated with a range of milk dilutions.
For all three organisms, it is noted that a large increase in bacterial adhesion occurs at 
some point in the dilution scheme. L.monocytogenes (Figure 4.19) shows an increase in 
numbers between the lO'" and 10“* dilutions. The reason for the drop in numbers 
between the 10'^  and the untreated sample is unclear. Serr.marcescens (Figure 4.20) 
shows a similar increase between the same dilutions. However, it should be noted here 
that the numbers of Serr.marcescens found to be adhering here are lower than would 
normally be expected, as the inoculum level was found to be insufficiently high. Despite 
the low numbers, the same trend is observed as for the other organisms.
The adhesion of S.aureus was also examined at a mirror-finish surface following 
treatment with milk dilutions. The results are shown in Figure 4.21.
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Figure 4.21 -  The adhesion of S.aureus to mirror-finish stainless steel samples which have 
been pre-treated with a range of milk dilutions.
The results indicate that the adsorbed milk layers confer the same effect occurs at the 
mirror-finish surface as at the 2B surface. This may suggest that similar amounts of 
protein adsorb to the two types of surface finish. However to confirm this would 
require further investigation.
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4.3.10 - The effect upon bacterial adhesion of treating a pre-adsorbed milk layer 
with glutaraldehyde
In order to probe the mechanism by which milk reduces bacterial attachment, adsorbed 
milk films were treated with glutaraldehyde before exposure to the bacterial suspension. 
Two concentrations of glutaraldehyde were used and the effects on adhesion were 
determined for both S.aureus and L.monocytogenes (F6861).
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Figure 4.22 - Effect upon the adhesion of S.aureus of treating a pre-adsorbed milk layer on 
stainless steel (2B) with glutaraldehyde for 2 h, as compared with an untreated control.
It can be seen from Figure 4.22 that following milk-treatment of a stainless steel surface, 
far fewer S.aureus organisms adhere to the milk-treated sample than to the clean, 
untreated sample. Further milk-treated samples were also prepared, which were 
subsequently treated with either RO water, 5% glutaraldehyde or 10% glutaraldehyde 
before exposure to bacterial suspensions. Adhesion to the water-treated, milk-coated 
sample was marginally higher than to the milk control, but still substantially lower than
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adhesion levels at the untreated stainless steel surface. However, adhesion of S.aureus 
to the milk-coated sample which had been treated with 5% glutaraldehyde was 
significantly higher (P<0.05) compared to the water-treated control. This was also the 
case for the 10% glutaraldehyde treatment. There was no significant difference between 
the 5% and 10% level of treatment (P>0.05).
The effect of the glutaraldehyde-treated milk layer on the adhesion of L.monocytogenes 
(F6861) is shown in Figure 4.23.
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Figure 4.23 - Effect upon the adhesion of L.monocytogenes (F6861) of treating a pre­
adsorbed milk layer on stainless steel (2B) with glutaraldehyde for 2 h, as compared with
an untreated control.
The adhesion of L.monocytogenes to milk-treated stainless steel following 
glutaraldehyde treatment follows a similar trend to that observed with S.aureus. A large 
reduction in attached numbers is observed when comparing the milk-treated surface with 
the untreated stainless steel, as previously observed. There is little difference between 
the milk control and the milk-treated sample subsequently treated with RO water as a
137
Chapter 4- The effect of milk-derived conditioning layers on bacterial attachment to stainless steel
surfaces
control. However, treatment of the adsorbed milk-layer for the same time period with 
either a 5% or a 10% solution of glutaraldehyde resulted in significantly higher (P<0.05) 
attached numbers of L.monocytogenes. Although the numbers observed following a 
10% glutaraldehyde treatment were higher than those observed following a 5% 
treatment, the difference between the two glutaraldehyde treatments was not found to be 
significant at the 95% level.
4.3.11 - Demonstration of proteolytic activity
Despite milk causing a substantial reduction in attached numbers, some organisms are 
still able to make sufficient contact with the surface to resist rinsing. Milk agar plates 
were used to indicate whether once at the milk-treated surface the bacteria could utilise 
the milk protein. The results fi’om the milk agar plates incubated at 20°C are illustrated 
by photographs given in Figures 4.24, 4.25 and 4.26 representing S.aureus, 
Serr.marcescens and L.monocytogenes (F6861) respectively. This temperature was 
chosen as it is the temperature used in the attachment studies. Figures 4.24 and 4.25 
show a region of clearing on the opaque milk plates, indicating that S.aureus and 
Serr.marcescens were capable of carrying out some proteolysis. It can be seen that 
Serr.marcescens has cleared large areas of the agar surrounding the colonies. Both 
organisms also appeared to produce proteolytic enzymes at their optimum temperatures. 
However, as can be seen from figure 4.26, L.monocytogenes (F6861) does not appear to 
cause clearing of the milk agar at 20°C nor at 30°C. The L.monocytogenes plate was 
left to incubate for a further 24 h, but still no zones of clearing were observed.
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Figure 4.24 - S.aureus on milk agar, following 48 h incubation at 20°C.
Figure 4.25 - Serr.marcescens on milk agar, following 48 h incubation at 20°C.
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Figure 4.26 - L.monocytogenes (F6861) on milk agar, following 48 h incubation at 20°C.
4.3.12 -  The adhesion of bacteria to untreated and milk-treated stainless steel from 
a binary suspension
Although the use of pure cultures provides valuable information concerning the effects 
of adsorbed layers on adhesion, it is extremely likely that in a processing environment, 
contamination may comprise more than one bacterial species. Thus, the adhesion of 
bacteria to both untreated and milk-treated stainless steel samples was investigated using 
mixed cultures. Both sample types were treated with each of the monocultures, of 
which equal volumes were used to create the binary suspension. Graphs are shown 
indicating the adhesion of the single-strain suspension to untreated and milk-treated 
surfaces along with the total numbers adhering from the mixed culture, with a 
breakdown of the component organisms. As equal volumes of cells were added 
together, the mixed culture effectively contains V2 the number of each of the constituent 
bacteria than would be found in the single-strain suspension, due to a dilution effect. It 
is thus expected that approximately half of the numbers would attach due to the reduced
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number of collisions from each of the constituent organisms. In the following graphs, 
grid-lines have been added to the charts to aid in these comparisons
Figure 4.27 indicates the adhesion of bacteria to untreated and milk-treated stainless 
steel surfaces from a mixed culture of L.monocytogenes (F6861) and S.aureus.
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Figure 4.27 -  The adhesion of L.monocytogenes (F6861) and S.aureus to untreated and 
milk-treated stainless steel surfaces, from pure and mixed-cell suspensions.
The adhesion of L.monocytogenes to the untreated samples from the mixed culture is 
shown to be just under one half of that from the pure culture. Adhesion to the milk- 
treated sample is also reduced. The adhesion of S.aureus to the untreated surface is 
slightly more than one half of that from the mixed culture. Adhesion to the milk-treated 
sample remains virtually unchanged.
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Figure 4.28 indicates the adhesion of L.monocytogenes and Serr.marcescens under the 
same experimental conditions.
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Figure 4.28 -  The adhesion of L.monocytogenes (F6861) and Serr.marcescens to untreated 
and milk treated stainless steel surfaces, from pure and mixed-cell suspensions.
The adhesion of L.monocytogenes to the untreated sample, from the mixed culture, is 
again reduced by not quite half. The adhesion of L.monocytogenes to the milk-treated 
sample is reduced compared to the pure suspension. Serr.marcescens adheres at more 
than half of the pure culture at the untreated sample. Adhesion to the milk-treated 
sample is slightly reduced.
As an unexpectedly low level of adhesion was observed with Ps.fragi previously, the 
adhesion of this organism from a mixed cell suspension with S.aureus was studied to
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determine whether this could increase the adhesion of this organism. The results of the 
study are given in Figure 4.29.
100
Staph, (pure) Pseud, (pure) M ixed (to ta l)
Treatment
M ixed (S taph.) M ixed (Pseud.)
Q  Untreated □  Milk-treated
Figure 4.29 -  The adhesion of S.aureus and Ps.fragi to untreated and milk-treated stainless 
steel surfaces, from pure and mixed-cell suspensions.
The presence of S.aureus appears to have little effect on the adhesion of Ps.fragi when 
these two organisms are in a mixed-cell suspension. S.aureus adhesion from a mixed­
cell suspension is approximately half of that from the pure suspension, as may be 
expected. The adhesion of Ps.fragi is also reduced by approximately half, when 
adhering from the mixed-cell suspension. Similar effects are observed at the milk- 
treated surface.
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4.3.13 -  The effect of an adsorbed milk layer upon sequential adhesion of bacteria
In a natural environment it is likely that an organism arriving at a surface may find this 
surface already occupied by another species. The effect which this may have on 
adhesion was investigated by exposing bacteria to untreated and milk-treated samples 
which had already been exposed to bacterial colonisation. This is termed ‘sequential’ 
adhesion. Samples were also prepared which were only exposed to one organism, as a 
comparison.
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Figure 4.30 -  The sequential adhesion of S.aureus followed by L.monocytogenes at an 
untreated and a milk-treated stainless steel (2B) surface.
Figure 4.30 indicates that the adhesion of S.aureus to both the single species untreated 
sample and as the first layer of the sequential adhesion, are extremely similar. Likewise, 
adhesion to both of these milk-treated samples is similar. The adhesion of 
L.monocytogenes both as a single species and as the second organism as a sequentially
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iSadheiing layer-ace also very similar. Thus, as both of the organisms have adhered in the 
same numbers in the sequential layers as in the single layers, the total number of 
organisms on the sequential samples are higher. Adhering as a second organism to a 
surface already occupied by S.aureus, L.monocytogenes appears to adhere in neither 
substantially larger nor smaller numbers. The presence of the milk-layer at the stainless 
steel surface does not appear to alter this trend.
Figure 4.31 indicates the data obtained from the adhesion of Ps. fragi to a surface 
already occupied by S.aureus.
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Figure 4.31 -  The sequential adhesion of S. aureus followed by Ps.fragi at an untreated and
a milk-treated stainless steel (2B) surface.
There is a slight difference in the adhesion of S.aureus to the two untreated samples. 
Ps.fragi adheres in extremely small numbers at the single-species untreated surface.
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Likewise, when attaching as the second organism in sequential adhesion, the numbers 
are equally small, even slightly less. Virtually no adhesion takes place at either surface 
when milk-treated. No enhancement effect is observed.
Figure 4.32 shows the data obtained when S.aureus was exposed to a surface already 
occupied by S.aureus. This study was carried out in order to determine whether further 
sites at the surface could be occupied by the same organism.
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Figure 4.32 -  The sequential adhesion of S.aureus followed by S.aureus at an untreated and
a milk-treated stainless steel (2B) surface.
Figure 4.32 indicates the total numbers of organisms on a 2B surface following two 
challenges with suspensions of S.aureus. ‘Staph. 1’ represents the samples which 
received challenge from just the first suspension. ‘Staph. 2’ represents the samples 
which received challenge from just the second suspension. ‘Sequential’ represents the 
samples which received challenge from the first and then subsequently the second
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suspension. There appears to be a difference in adhesion of approximately 20 organisms 
between the first and the second bacterial suspensions (Staph. 1 and Staph.2). The total 
numbers of organisms following sequential adhesion are still only approximately 20 
organisms higher than the highest number observed on the single-exposure samples (i.e. 
Staph 2). Adhesion at the milk-treated sample following sequential adhesion remains 
virtually unchanged fi’om either of the single-exposure samples.
4.4 -  DISCUSSION
Biofilms developing in the food industry are often associated with a relatively short time 
scale as compared with biofilm development in water distribution systems for example. 
The process involves the initial attachment of the organism and some degree of growth, 
rather than the production of thick, well-developed gelatinous biofilms. Essentially, 
organisms should be removed by cleaning processes before this stage is reached. For 
this reason, an adhesion period of 2 h was used for the majority of bacterial work in this 
study and occasionally a 6 h period.
Two stainless steel samples, one with a rougher 2B surface finish and one with a 
smoother mirror finish, were investigated by CSLM to investigate their properties of 
surface texture. A comparison of Ra values (deviation of the profile from the mean 
value) indicates that the surface of the 2B finish is much rougher than the surface of the 
mirror finish sample (Ra values of 0.412 and 0.035 respectively). The parameters which 
consider the effect of exceptional profile peaks indicate a similar trend. Rt, Rmax and 
Rz values are all considerably higher for the 2B surface than for the mirror finish sample 
(3.042, 3.012 and 2.31 as compared with 0.614, 0.575 and 0.420) indicating a more 
rugged texture. The 3-d profiles constructed illustrating the differences in surface 
topography are given in Figures 4.3 and 4.5. It can be seen that the surface of the 2B 
sample (Figure 4.3) has a number of machining lines running along it and has irregular 
surface features such as numerous peaks and depressions. This is further illustrated in 
the 2-dimensional image (Figure 4.4) which allows visualisation of further irregularities
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within the machine lines. The mirror finish surface (Figure 4.5) appears far smoother, 
lacking the jagged peaks and ridges seen in the previous sample. There are still some 
machining lines at the surface, largely unidirectional, but the amplitude of these features 
is relatively small. These features are perhaps better expressed in the 2-dimensional 
surface image (Figure 4.6). This image also reveals the presence of small indentations, 
probably a result of the polishing process. CSLM was also carried out on milk-treated 
surfaces with a 2B finish. The Ra values obtained indicated no particular trend which 
could be related to the milk-treatment. This could largely be due to the degree of 
variation which existed within each sample. There were no visual differences between 
the untreated and the milk-treated samples.
Once the nature of each of the surfaces had been established this was used to compare 
the difference in bacterial adhesion to the surfaces. Both bare surfaces and milk-treated 
surfaces were exposed to individual bacterial suspensions of S.aureus and 
L.monocytogenes and adhesion allowed to take place over a period of 2 h. Results are 
given in Figures 4.7 {S.aureus) and 4.8 {L.monocytogenes F6861). The adhesion of 
S.aureus to the 2B surface is significantly higher (P<0.05) than the adhesion to the 
mirrored surface whereas there is no significant difference between the adhesion of 
L.monocytogenes to the two surfaces. Milk treatment of the surface causes a large 
reduction in the numbers of organisms adhering in both cases. Adhesion of S.aureus to 
the milk-treated 2B surface is significantly different from that to the milk-treated mirror- 
finish surface, as is the adhesion of L.monocytogenes which indicates that the effect of 
surface topography may still be important following milk-treatment.
The effect of differences in surface roughness upon bacterial adhesion has drawn 
attention from a number of workers. It has been postulated that surface irregularities 
may play a role as anchoring points for cells and provide protection from shear forces. 
It is also known that the substratum roughness may profoundly influence the deposition 
rate of particles (Browne, 1974). Some groups have found selective adsorption to
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crevices in surface materials and others have not. Taylor et al. (1998) investigated the 
adhesion of Ps. aeruginosa and S.epidermidis to surfaces of varying roughness and 
found that an increase in Ra value (0.04 to 1.24 |im) resulted in a significant increase in 
attachment. However, farther increases (1.86-7.89 (am) caused a decrease in adhesion. 
On abraded and blasted surfaces, bacteria were often observed associated with pits and 
gullies. The decrease in adhesion on the surfaces with the highest level of roughness 
was described in terms of an increase in surface defect size with an increasing Ra value, 
thus offering less protection. Thus, adhesion is related not just to roughness but the 
type of roughness as well. Beeftink and Staugaard (1986) observed that initial 
colonisation of sand grains appeared to be in crevices or surface irregularities, a view 
supported by Jain (1995) who observed colonies of bacteria present in fissures and weld 
zones in water distribution systems. Long term studies on water distribution systems 
carried out by Perderson (1990) reported that a matt stainless steel surface harboured 
more bacteria than a smooth surface. Verheyen et al. (1993) reported higher numbers 
of S.aureus and S.epidermidis adhering to rougher sandblasted surfaces than their 
smooth counterparts and Verran and Maryan (1995) found significantly higher numbers 
of Candida albicans on roughened dental materials than smooth and again cells were 
observed in association with irregularities and pits (Verran and Maryan, 1997; Verran 
and Hissett, 1997). Verran and Hissett (1997) concluded that although roughness may 
affect initial attachment, it has little effect upon cell proliferation. Investigating the 
microbiology of rivers, Geesey and Costerton (1979) remarked that many of the bacteria 
associated with particles could be found concentrated in crevices whilst more exposed 
surfaces were devoid of bacteria. Again in a flowing river environment. Baker (1984) 
found that roughening the surface of both polystyrene and glass greatly increased the 
rate of colonisation and in contrast to the studies by Geesey and Costerton (1979) and 
Beeftinlc and Staugaard (1986) the bacteria did not selectively colonise cavities and 
grooves. Baker’s study (1984) suggested that the microtopography of the surface was 
in fact more important than the surface chemistry. Duddridge and Pritchard (1983) 
found little effect on bacterial adhesion in flowing systems of electropolishing stainless 
steel. McDowell et al. (1994) concluded that 3-dimensional surface topography may be 
important in explaining different bacterial adhesion patterns, as they found that surfaces
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which had similar surface roughness values had distinctly different morphologies when 
examined by SEM.
Figures 4.9 - 4.12 are SEMs of S.aureus on a 2B surface, S.aureus on a mirror surface, 
L.monocytogenes (F6861) on a 2B surface and L.monocytogenes (F6861) on a mirror 
surface respectively. Retention of bacteria by roughened surfaces has important 
implications for the food industry, as it has been demonstrated that the surface structure, 
i.e. the roughness of a surface, is the most important factor to affect the cleaning of that 
surface (Wirtanen et al., 1995). Debris remaining at the surface represents foci for 
further biofilm build-up. Figure 4.33 illustrates how various finishes on stainless steel 
influences bacterial adsorption. Convective transport rates at a microrough surface will 
be greater than at a smooth surface and adsorption rates may be higher for two reasons:
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The vast majority of studies described in the literature refer to the effects of varying i
levels of roughness in dynamic situations. In static systems, as were used in this study, 
shear forces involved during the bacterial adhesion process are minimal. Rough 
surfaces, which may be expected to provide an advantage for organisms through 
shielding from turbulence, may confer little advantage in such a low force situation.
However, shear forces are likely to occur during the washing procedure following 
bacterial attachment, in which case some protection may be afforded by the rougher of 
the two surfaces. This may account for the relatively similar values obtained here.
Speers et al. (1984) examined stainless steel surfaces soiled with inoculated milk under 
static conditions. SEM examination identified cells in crevices and channels of the 
stainless steel surface along with retention of milk deposits. SEMs did not reveal milk 
deposits in this study. This could be due to collapse of structure due to the air-drying 
process. Suarez et al. (1992) concluded fi'om their study that physical properties such 
as surface roughness and porosity of construction materials for the dairy industry could 
be more influential in the contamination of these surfaces than properties such as 
hydrophobicity.
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adsorbed cells may be sheltered from shear forces and thus desorption rates are reduced 
and further to this, a rougher surface provides an increased surface area available for 
adsorption to take place (Characklis, 1990). This second factor could be more 
important in static systems (Duddridge and Pritchard, 1983).
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Figure 4.33 - Diagrammatic comparison of the size of microroughness of stainless steel 
tubing with the size o f a microbial cell.
(From Characklis, 1990)
Both the rough and the smooth stainless steel surfaces were treated with skimmed milk 
to determine its effect upon bacterial adhesion. S.aureus adhesion was found to be 
significantly reduced by the milk treatment on both surfaces, as previously described. It 
was noted however that adhesion of S.aureus to the milk-treated 2B surface was 
significantly higher than adhesion to the milk-treated mirror-finish surface. A similar 
effect was observed for L.monocytogenes. Taylor et al. (1998) found that treating a
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polymer surface with BSA caused a reduction in adhesion of S.epidermidis, although 
levels of Ps.aeruginosa remained relatively unchanged. This group used polymer 
samples with a range of roughnesses in the adhesion study. It was found that although 
protein layers may reduce the absolute amounts of bacteria attaching, the trend of 
adhesion between rough and smooth surfaces was the same as for the naked surfaces.
The non-uniform distribution of bacteria at surfaces has been noted (Jain, 1995). An 
interesting study by Geesey et al. (1996) examined the adhesion of bacteria {Citi'ohacter 
freundii and Desulfovihrio gigas) to stainless steel 316L. What initially would appear to 
be random colonisation of a surface was in fact shown to be non-random. The authors 
used AFM techniques and CSLM to illustrate grain boundaries of the surface oxide film 
of the metal and to measure these delineated areas. By superimposing acridine orange 
images of the adhered bacteria onto the CSLM reflected white light images of the oxide 
film, there were strong indications that partitioning of the bacteria at the grain 
boundaries was taking place. The area contributed by the grain boundaries equated to 
34.4% of the total area available of which 76.9% of the total adhered population were 
associated. However, polishing processes destroy these features and thus may interfere 
with this selective colonisation process. Wiencek and Fletcher (1995) used self­
assembled monolayers in a study aimed at controlling surface chemistry by creating 
surfaces with either hydrophilic or hydrophobic properties. Cell attachment was found 
to be homogeneous within and among different microscopic fields with no observable 
clustering. This would indicate how surface chemistry may influence the pattern of 
attachment. A surface such as stainless steel could be considered heterogeneous in 
terms of surface properties, thus non-uniform adhesion may be expected.
The effect of milk on adhesion has been demonstrated but as water is the major 
constituent of both milk (see Table 2.2, Section 2.2.5) and individual protein solutions, 
its effect upon bacterial adhesion was established. The water-treated stainless steel was 
shown to cause a slight reduction in adhered numbers when compared with the 
untreated surface. This could be due to an etching effect or slight corrosion action, 
although in a medium of low ionic strength this would proceed extremely slowly (Dr. J.
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Castle, personal communication). It is also possible that the water treatment could 
affect the hydroxyl layer at the surface of the stainless steel, resulting in lower numbers 
of attached organisms.
Milk was shown to reduce the adhesion of both S.aureus and L.monocytogenes (F6861) 
at two surface types, and this effect was also demonstrated for other bacterial species, at 
a 2B surface. Figures 4.14 and 4.15 indicate attachment to an untreated and a milk- 
treated surface respectively. There appeared to be no particular trend associated with 
adhesion in terms of Gram reaction or motility. The L.monocytogenes organisms 
adhered in smaller numbers to the untreated surfaces than the S.aureus or the 
Serr.marcescens. It has previously been reported that L.monocytogenes exhibits sparse 
attachment (Herald and Zottola, 1988a). S.aureus has previously been identified as the 
principal isolate associated with metal-related implant infections (Verheyen et a l, 1993), 
favouring stainless steel (316L) as the attachment substrate over a polymer and a 
composite. It was surprising that such low levels of adhesion were obtained for both 
E.coli and Ps.fragi since it has previously been reported that the level of adhesion with 
Gram negative organisms is greater than with Gram positive (Speers and Gilmour, 
1985). In particular, the successful adhesion of Ps.fragi has been reported by a number 
of workers (Zoltai et a l, 1981; Zottola, 1983; Schwach and Zottola, 1984; Herald and 
Zottola, 1988b). It is difficult to compare adhesion studies carried out here with those 
carried out by other groups as frequently the tests are performed under different 
conditions of flow, time (often over periods of 24 h), temperature, strain and media 
composition. Ps.fragi is considered to be a psychrotrophic organism, preferring lower 
temperatures. It is possible that the temperature of 20°C used in this study was not 
conducive to adhesion. Hood and Zottola (1992) have previously reported that 
attachment may be reduced at sub-optimal temperatures, although Stone and Zottola 
(1985) reported no difference in the adhesion of this organism at 4°C and 25°C. 
Fletcher (1977) found higher levels of adhesion at 20°C than 3°C for a marine 
pseudomonad. Nutrients have been shown to have diverse effects upon adhesion (see 
Chapter 1) and it was found that supplementing the suspension medium and rinse 
solution with 0.1% glucose did not increase the adhesion of Ps.fragi and E.coli by
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substantial amounts. However, the low level of adhesion obtained with these organisms 
led to their exclusion from further studies. Different adhesion levels between strains is 
indicated by the three Listeria species. Out of the three L.monocytogenes strains 
investigated initially, L.monocytogenes F6861 was chosen for use in further studies. 
Although L.monocytogenes (N5105) exhibited slightly higher adhesion levels than 
L.monocytogenes (F6861) and L.monocytogenes (USCC 2878), this organism did not 
grow as quickly and was more difficult to culture. Thus, L.monocytogenes (F6861) was 
preferred.
Pre-treatment of the stainless steel surface with milk was never shown to augment the 
attachment of the bacteria used in this study. This is in agreement with the results of 
Helke et al. (1993) who observed that the adhesion of L.monocytogenes and 
S.typhimurium was virtually inhibited by pre-treatment of surfaces with whole, 2% and 
chocolate milk. Skimmed milk caused a reduction but to a lesser extent. Hood and 
Zottola (1997) also examined the effect of conditioning films upon the adhesion of 
Ps.fi^agi, S.typhimurium and L.monocytogenes to stainless steel 304. Surfaces were 
preconditioned (for 1 h) with either tryptic soy broth (TSB), 1% reconstituted skimmed 
milk (RSM) or 1% reconstituted skimmed milk with 1% sucrose (RSM + S). 
Organisms were also grown in a combination of these solutions. Results indicated that 
the effect of soiling on adherence varied with each organism and with growth medium. 
Generally, when organisms were grown in TSB, their adhesion to RSM soiled surfaces 
was increased relative to the control. However, when grown in RSM, adhesion to 
RSM-soiled surfaces was usually reduced. Results were observed where soiling both 
reduced and increased adhesion to the surface relative to the control. Czechowski 
(1990) had previously noted that in milk systems, lowest bacterial attachment occurred 
in areas which retained milk soil. Speers et al. (1984) also noted that repeated 
inoculations of stainless steel with milk containing Micrococcus resulted in an increase in 
milk soil but not in organisms. This again suggests that the milk soil reduces bacterial 
adsorption. This is also consistent with the observation in this work that repeated 
inoculation of S.aureus to both an untreated and a milk-treated surface did not result in 
a large increase in numbers attached to the surface.
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A number of workers have used milk as the bacterial suspension medium in adhesion 
studies. Speers and Gilmour (1985) investigated the effect of milk as the suspension 
medium upon bacterial adhesion and found it to have no effect. These results are in 
contrast to those produced by Helke et al. (1993) who observed that when solutions of 
milk were used as the suspension medium, adhesion of L.monocytogenes and 
S. typhimurium was significantly reduced. Similar findings had previously been reported 
by Suarez et al (1992) who observed decreased attachment of bacteria suspended in 
milk versus Ringer’s solution. Dunsmore and Bates (1982) also investigated the 
adherence of bacteria to glass slides from a milk solution. Different bacteria exhibited 
remarkably different adhesion patterns over time. However, as this group did not 
appear to carry out controls in a non-protein-containing medium, the effects of the 
presence of the milk cannot be assessed.
The effect of coating stainless steel samples with a range of milk dilutions was 
investigated, as rinsing of processing systems could expose surfaces to such solutions. 
Milk appeared to be effective at preventing substantial adhesion at the surface down to a 
dilution of 10'^ . A large increase in numbers of S.aureus occurred at the surface 
between samples treated with dilutions 10'  ^ and 10^, although the pronounced increase 
in adhered numbers for L.monocytogenes and Serr.marcescens was observed between 
the 10'^  and the 10"^  dilutions. This effect was also observed for S.aureus at the mirror 
treated surface, indicating that protein adsorption to the two different surface types has 
a similar effect. The increase in numbers of attached bacteria between two dilutions 
indicates that a change in coverage or conformation may be occurring at the surface 
which is allowing the bacteria to make closer contact.
The effect of a conditioning layer comprising complete skimmed milk had been 
determined. The effect was now investigated in terms of individual proteins and their 
effect on bacterial attachment to stainless steel. The adhesion of both S.aureus and 
L.monocytogenes was allowed to take place at both untreated surfaces and surfaces 
which had been pre-treated with a-, (3-, K-casein or the whey protein a-lactalbumin. In 
this study, all of the milk proteins investigated were shown to decrease the attached
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numbers of S.aureus and L.monocytogenes when compared to the untreated control. In 
both cases, the caseins appeared to be more effective in reducing attached numbers than 
a-lactalbumin, the protein with the smallest molecular weight of those investigated in 
this study (Mwt approximately 14 000). This effect was more apparent in the S.aureus 
study than with L.monocytogenes. Helke et al. (1993) pre-treated surfaces with casein 
and (3-lactoglobulin and found them to cause a reduction in adhesion. In this case too, 
the more typical globular protein, (3-lactoglobulin, was found to cause the lesser effect. 
This protein has a molecular weight closer to that of the caseins (approximately 18 000) 
although this molecule has a tendency to form dimers. This same group noted that when 
milk-proteins were present in the suspending medium a reduction in adhesion was also 
observed, with the whey proteins a-lactalbumin and p-lactoglobulin being the least 
effective. Reynolds and Wong (1983) found that both asi-casein and BSA reduced the 
adhesion of Streptococcus mutans to hydroxyapatite disks, with asi-casein exhibiting the 
greatest effect. K-casein showed a similar effect to that of a^i-casein although (3-casein 
was not as effective at reducing attachment. The adhesion of L.monocytogenes to silica 
surfaces was greatest on surfaces treated with p-lactoglobulin, least with BSA and an 
intermediate effect was observed with a-lactalbumin and (3-casein (Al-Makhlafi et al.
1994). The results from competitive and sequential protein adsorption were variable 
(Al-Makhlafi, 1995). Speers and Gilmour (1985) found that when present in the 
suspending medium, the greatest attachment was generally observed in the presence of 
lactose and the non-casein proteins. Casein proteins had little effect as did milk, despite 
containing lactose and the non-casein proteins which had increased attachment. The 
authors suggested that the reason for this may be agglutination of the organisms caused 
by antibodies naturally found in milk or association of the organisms with fat globules.
Smaller peptide lengths were also used to treat stainless steel samples and the adhesion 
to these samples was compared to that occurring at a milk-treated and an untreated 
surface (Figure 4.16). A molecular weight for casein hydrolysate was not available 
therefore a solution equivalent to those used in the individual protein studies could not 
be used. For this experiment, 8 mg ml"^  was chosen as an intermediate value of the 
concentrations of individual proteins found in milk. Casein hydrolysate reduced the
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adhesion of S.aureus by 54.8% when compared to the untreated surface, whereas milk 
treatment reduced adhesion by 95.4%. Casein hydrolysate is essentially casein protein 
hydrolysed under pressure with hydrochloric acid. A range of peptide molecular 
weights are produced, most commonly 0.3 x 10^  (Oxoid manual). Typical analysis 
indicates that the total nitrogen content is 7.6% (w/w) with amino nitrogen 4.9% (w/w) 
(Oxoid Manual). Casein hydrolysate was less effective than the protein treatments 
previously studied, with the exception of a-lactalbumin when used with S.aureus. If 
prevention of adhesion is due to steric forces, providing a physical barrier to the 
bacterial approach to the surface, it may be expected that smaller molecules which 
would not protrude as far into the aqueous environment may be less effective in 
preventing the bacterial approach to the surface. This is in fact observed here. The 
smaller casein hydolysate structure reduces bacterial attachment by only just over half of 
that observed at the untreated surface. It is also noted that the smaller of the milk 
proteins investigated, a-lactalbumin with a molecular weight of approximately 14 000, 
was also the least effective of the milk-proteins in preventing attachment of bacteria to 
stainless steel surfaces. Although a-lactalbumin was used at a concentration of 0.5mM 
this equates to approximately 8 mg ml'  ^ therefore these two results are roughly 
comparable. It is possible that molecular size and volume affects the ability of adsorbed 
proteins to prevent bacterial adhesion.
The effect of time upon the adhesion of S.aureus to an untreated and a milk-treated 
stainless steel surface was investigated (Figure 4.17). All of the treated samples 
received 2 h of milk-treatment. Samples were then exposed to bacteria for 2 h and 6 h. 
As previously discussed in Chapter 1 (Section 1.4.4) an increased exposure to bacteria 
will often lead to an increase in the attached numbers until a plateau level is attained. 
This may be explained in terms of the increased likelihood of collisions between bacteria 
and surfaces talcing place the longer the two components are in contact. The results 
described here indicate that little increase in attached numbers occurs between the 2 h 
and 6 h adhesion period. This could suggest two things. Firstly, a limited number of 
bacteria in the sample may be capable of adhering to the surface or secondly, a limited 
number of sites may be available on the surface which allow adhesion to take place.
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This is answered to some extent by the results given in Figure 4.32. In this experiment, 
S.aureus cells were allowed to adhere to the surface for a period of 2 h. Following this, 
the surface was exposed to a second bacterial suspension of S.aureus for a further 2 h. 
The increase in numbers in this second period amounted to approximately 28%. If it is 
assumed that the bacterial suspension carries a finite population capable of adhering to 
this particular surface, then it would be expected that the second bacterial treatment 
would also carry this same population. Thus on this basis it would be expected that the 
number of the bacteria at the surface increases two-fold. This is clearly not the case. 
This would suggest then that the limiting factor is the number of available sites at the 
surface. At extremely high surface coverage where bacterial cells are in close proximity, 
lateral repulsion between bacterial cells may also become influential preventing further 
attachment. The level of coverage observed here, based on average bacterial dimensions 
(1 |am) and the area of the field of view (0.0064 mm^) may be estimated. The area 
occupied by each bacterium will be approximately = nO.S  ^= 0.79 |Lim^ . The area of 
the field of view is 0.0064 mm  ^ = 6400 |xm^ . Thus, surface coverage after the first 
exposure to the bacterial suspension (102 adhered organisms) is approximately 1.3%. 
After sequential adhesion (119 adhered organisms), this increases to approximately 
1.5%. As the space between organisms is still relatively large, it is unlikely that 
repulsive forces would operate over such a distance (Marshall, 1976). Also as 
previously been discussed (Chapter 1, Section 1.4.2), the effect of electrolytes has been 
shown to reduce electrostatic repulsion between like-wise charged surfaces. As the 
bacteria are suspended in Ringer’s solution, it may be expected that some damping of 
the electrostatic double layer may occur. Therefore, it would seem most likely that the 
number of available sites at the surface restricts adhesion.
Adhesion for 2 h was also carried out following exposure of both the treated and the 
untreated surface to % Ringer’s solution for 4 h (Figure 4.17). This was aimed at 
determining whether or not the Ringer’s solution caused any detachment of the milk 
layer or any rearrangement which may cause a change in the numbers adhering. The 
number adhering at the milk-treated surface after 2 h immediate exposure to the 
bacterial suspension and 2 h delayed exposure are virtually identical. This would
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suggest that the Ringer’s solution does not cause a severe effect upon the milk layer at 
least as detected by the adhering bacteria.
Several authors have postulated that the mechanism involved in the prevention of 
bacterial adhesion by protein may be due to steric forces (Fletcher, 1976; Abbott et al., 
1983). If steric forces are involved and protein chains extend into the aqueous 
environment away from the surface, immobilising these in some way and restricting their 
movement may result in the bacterium being able to make a closer approach to the 
surface. Glutaraldehyde, a reagent commonly used for fixing samples in electron 
microscopy, was used to cross-link any protein chains which may extend into solution 
following the exposure of stainless steel samples to milk. Bacterial adhesion was 
examined at an untreated surface, a surface with an adsorbed milk layer (treated in the 
usual manner) and surfaces with adsorbed milk layers exposed to either water or two 
different levels of glutaraldehyde treatments. It was shown that bacterial adhesion was 
indeed higher to the glutaraldehyde-treated adsorbed milk layer than to either the sample 
treated with milk in the usual manner or the sample treated with milk followed by 
treatment with RO water. This trend was observed for both S.aureus (Figure 4.22) and 
L.monocytogenes (Figure 4.23). It is hypothesised that the glutaraldehyde may have 
restricted movement in any protruding protein chains in the manner illustrated in Figure 
4.34.
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Figure 4.34 -  The method of cross-linking of protein chains by glutaraldehyde.
The amino groups of the protein chain bind with the aldehyde groups of the 
glutaraldehyde with the production of water. The protein chains are now more likely 
held immobilised which may reduce the steric barrier presented to the approaching 
organisms allowing a closer approach with more organisms adhering irreversibly.
Organisms were plated out onto milk agar in order to determine whether those which 
manage to attach to a milk-treated surface could utilise the protein there. This would be 
a concern in a processing environment, especially if pathogens were involved Figures 
4.24, 4.25 and 4.26 represent milk agar plates inoculated with S.aureus, 
Serr.marcescens and L.monocytogenes (F6861) respectively. The photographs indicate 
the extent of clearing occurring in the milk agar following 48 h incubation at 20°C. This 
clearing of the agar is a result of proteolysis of the milk substrate. It can be seen from 
these images that some clearing has taken place around the S.aureus colonies, extensive 
clearing has taken place around the Serr.marcescens colonies and no visible zone of 
clearing is observed surrounding the L.monocytogenes colonies. Zones of clearing in 
association with the L.monocytogenes were not observed after a further 24 h incubation 
or incubation at optimum growth temperature. Despite the association of Listeria
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outbreaks with milk and dairy products, it is reported that a number of proteins, 
including casein and milk, are not hydrolysed by this organism (Seeliger and Jones, 
1986). In contrast, Sermtia sp. are reported as being able to produce extracellular 
enzymes capable of hydrolysing casein (Grimont and Grimont, 1984) and S.aureus is 
also reportedly capable of hydrolysing native animal proteins, including casein (Kloos 
and Schleifer, 1986). It is not specified whether this refers to growth at solid media or 
in bulk liquid media. It is acknowledged that in this study the nutrient status is more 
complicated than that which would occur at a milk-treated stainless steel interface, as 
the milk agar was prepared using Nutrient agar. Although proteolytic activity of the 
organisms here perhaps cannot be directly compared with the situation arising when an 
organism is immobilised at a milk-soiled stainless steel susbtratei it provides some 
confirmation as to the ability of the organisms to breakdown this substrate.
Proteolytic activity by organisms adhered to surfaces has been considered by other 
authors, although somewhat inconclusively. Speers et al. (1984) made repeated 
inoculations onto glass and stainless steel with milk contaminated by Pseudomonas spp. 
and Micrococcus spp. SEM revealed cleared zones within the milk soil around attached 
cells when the surface was inoculated with Micrococcus spp. The authors postulated 
that the clear zones around individual cells and clumps could be due to localised 
proteolysis and enzymatic breakdown of protein components at the surface. However, 
they also discussed the possibility of the zones being artefacts produced by the SEM 
sample preparation procedure. Two methods of SEM were used; cryo-fixation and 
Argon Replacement Induced Drying (ARID). As cryo-fixing results in a more hydrated 
specimen than ARID, the zones could be an artefact of shrinkage during the drying 
process as the zones were not observed with the cryo-fixation process. Thomas and 
McMeeldn (1981) also observed clear zones in SEMs and TEMs of spoilage bacteria 
located at the surface of chicken carcasses which had been stored at 2°C. Zones formed 
after 4 d of storage could have been attributed to localised enzymatic degradation of 
protein components, however, insufficient controls meant that once again it was 
impossible to distinguish clearly between the results obtained and artefacts produced 
during sample preparation. Activity of surface-adhered organisms may differ from that
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of free-living organisms (Fletcher, 1986) and may be influenced by the type of surface to 
which the organisms are attached (Fletcher, 1979). It has been shown that irreversible 
attachment of bacteria is not essential for bacteria to benefit from nutrients bound to a 
surface (Hermansson and Marshall, 1985) and both reversibly and irreversibly attached 
bacteria have been shown to scavenge organic molecules at surfaces (Kefford et al., 
1982). Griffith and Fletcher (1991) investigated the use of proteins by attached and 
non-attached bacteria. The study indicated that when the substrate is not readily 
adsorbed it is more easily accessed by nonattached bacteria whereas when the protein 
adsorbs, it is more readily utilised by attached organisms. Adsorption of a protein at a 
surface may facilitate contact between the substrate and the enzyme or may allow 
conformational change which favours hydrolysis. Differences in the ability of proteins to 
be hydrolysed at surfaces may depend upon the strength of the association and on the 
interactions between specific proteins and substrata, i.e. the availability to the enzyme 
active sites of susceptible regions of the substrate molecule.
It is thought that diverse kinds of bacteria communicate with each other in a variety of 
ways (Kaiser and Losick, 1993; Pennisi, 1995). The involvement of ‘communication’ 
molecules such as homoserine lactones in the formation of microbial biofilms has been 
mentioned in the literature (Coghlan, 1996). These appear to work between species. 
Interspecies microbial interactions begin to influence a biofilm during the early stages of 
formation, during bacterial attachment and surface colonisation and will continue to 
influence the structure and the physiology of the biofilm as it develops (James et al., 
1995). Biofilms in most natural environments and also some engineered environments 
comprise complex communities rather than single species and often the capacity of the 
community to work together far exceeds the capabilities of the individual components 
(James et al., 1995). Biofilm architecture appears to maximise these relationships 
(Costerton et al., 1994; Costerton, 1995), thus, the involvement of mixed cultures in the 
food industry may be of considerable importance.
The work carried out here investigated the adhesion of bacteria from a binary suspension 
onto both untreated and milk-treated stainless steel (2B) surfaces. To borrow the
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expression used by McEldowney and Fletcher (1987) ‘sequential’ adhesion was also 
studied, whereby an organism was exposed to a surface already occupied by another.
McEldowney and Fletcher (1987) reported on the adhesion of mixed cell suspensions to 
solid surfaces of tin plate, glass and nylon and effects were shown to vary according to 
the organisms and the surface; attachment was increased, decreased or unaffected by the 
presence of another species. However, the attachment was carried out on ‘clean’ 
surfaces. In this study, the influence of a milk-layer at the stainless steel surface was 
also investigated for its effect on the adhesion of mixed cultures or on sequential 
adhesion. Adhesion from mixed cell suspensions of L.monocytogenes (F6861) and 
S.aureus showed little effect of both organisms competing for the same surface whether 
untreated or milk-treated. When the mixed-cell suspension consists of Serr.marcescens 
and L.monocytogenes (F6861), Serr.marcescens adheres at numbers considerably more 
than one half of those in the pure cell suspension. It is possible that this is an 
enhancement effect. L.monocytogenes adheres at just over one half from the mixed-cell 
suspension when compared to the pure suspension. Adhesion to milk-treated samples is 
approximately what would be expected, i.e. half that at the pure suspension sample 
surface. The adhesion of a mixed-cell suspension of S.aureus and Ps.fragi was studied. 
Ps.fragi had previously been shown to adhere in very small numbers to an untreated 
stainless steel surface. Thus, the possibility of enhancement by another organism was 
investigated using S.aureus. No enhancement effect was observed to either an untreated 
or a milk-treated surface. It has previously been suggested that the presence of a 
particular organism may be enhanced due to the presence of a second. Jones and 
Bradshaw (1997) found increased attachment of Salmonella enteritidis in the presence 
of Klebsiella pneumoniae. Sasahara and Zottola (1993) investigated the attachment of 
organisms in flowing systems and found that as a monoculture, L.monocytogenes 
adhered to glass in a sparse manner, whereas when grown in a mixed culture with 
Ps.fragi the organism attached far more readily. L.monocytogenes appeared to be 
entrapped by EPS produced by the Ps.fragi. These studies involved a much longer time 
period (24 h) than the studies conducted in this work allowing far more time for polymer
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production. This factor may be far less important in this study where the time-scale 
allowed for adhesion was far shorter.
Sequential adhesion was also investigated. Untreated samples were exposed to S.aureus 
and subsequently exposed to L.monocytogenes. Both organisms adhered to the 
‘sequential’ samples in similar numbers as their respective ‘single-species’ samples. As 
previously discussed, exposure of S.aureus to a surface already occupied by the same 
organism does not result in a great number of further adhesions (28%), suggesting that 
the majority of sites amenable to these organisms are already occupied. In this study, 
further sites were occupied by L.monocytogenes following the adsorption of S.aureus. 
Initially, this would suggest that perhaps these organisms do not compete for the same 
sites at the surface of the stainless steel. It is interesting to note however that the 
increase in total numbers due to the sequential adhesion of L.monocytogenes is 
approximately 24% which is similar to the 28% increase observed previously for 
S.aureus. As L.monocytogenes attached in similar numbers both sequentially and alone, 
it is difficult to ascertain from these results whether if the organism adhered in higher 
numbers generally, the number of sites available would then become a limiting factor.
Sequential adhesion of S.aureus followed by Ps.fragi showed little effect. No increase 
in the small numbers of Ps.fragi adhering was observed. Slightly fewer numbers of 
S.aureus were observed as the first layer of sequential adhesion than at the single­
species sample. This could be due to variation in absolute numbers or to a small amount 
of desorption during exposure to the second species. No additional effects were 
observed at the milk-treated surface. Literature reports have indicated effects upon 
adhesion when more than one species are involved. Banks and Bryers (1991) carried 
out investigations (again over 24 h) on binary culture biofilm development. Again 
suspended cells were exposed to an existing biofilm of a second species and also cells of 
both bacterial species were exposed to ‘clean’ glass surfaces. They found that 
Hyphomicrobium spp. did not become established successfully within a biofilm of 
Ps.putida, whereas when the situation was reversed, Ps.putida quickly became the 
dominant organism. In simultaneous deposition experiments, Ps.putida also dominated.
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The reverse has also been reported, where the presence of one bacterial species will 
significantly reduce the amounts of a second species, such as in the use of lactobacilli 
pre-coated onto catheters to reduce the adhesion of S.aureus (Reid and Tieszer, 1994).
Little effect of mixed-cell or sequential adhesion was observed in this study, at either an 
untreated or a milk-treated surface. It is possible that in this study, the time-scale 
implemented was too short for significant effects to be detected. Many of the studies 
previously described have been carried out over longer time periods and involve more 
developed biofilms. The reactions of the organisms may vary fi'om those which may be 
observed in a more typical environment, for example, the effect of the suspending 
medium which is essentially nutrient-limiting could have a profound effect. The time 
allowed may also not have been long enough for multi-species interactions to take place.
It was felt that a greater understanding of the nature of milk and milk proteins at 
stainless steel surfaces would provide more insight into the behaviour of bacteria at 
surfaces treated with these components. Thus in the following chapter, several methods 
are described which were used to provide further information on the stainless 
steel/medium interface and its modification by protein adsorption.
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SURFACE ANALYSIS OF ADSORBED PROTEINS
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5.1 - INTRODUCTION 
5.1.1- An introduction to X-Ray Photoelectron Spectroscopy (XPS)
In 1905, Einstein provided an equation relating the kinetic energy of the photoelectron, 
Ek(i), to the energy required to liberate it from its orbital I, E(i):
Ek(i) = hv - E(i) (Eq. 5.1)
where E(i) is related to the Fermi level, hv is the incident photon energy (where h is 
Planck’s constant and v is frequency) and 0  the work function of the sample. E(i), the 
binding energy of the orbital i from which the photoelectron is liberated, is characteristic 
of both the orbital and the parent atom. Thus it is possible to determine which elements 
are present at a sample surface by analysis of the photoelectron spectrum in the 0-1000 
eV range of binding energies.
X-Ray Photoelectron Spectroscopy (XPS), sometimes referred to as ESCA (Electron 
Spectroscopy for Chemical Analysis), involves the measurement of binding energies of 
electrons photoejected by the interaction of a monoenergetic beam of soft x-rays with 
atoms, ions and molecules. The term ESCA was coined to underline the fact that both 
photoelectron and Auger electron peaks appear in the XPS spectrum. The technique is 
essentially non-destructive (for example compared to Auger electron spectroscopy 
where the incident electron beam produces many surface changes in polymers) and the 
information provided by XPS is directly related to the molecular configuration. XPS is 
extremely surface sensitive in that it typically samples the top 5 nm of material. Jhe 
development of XPS has occurred over a period of many years with commercial 
instruments appearing around 1969-1970. A brief review of its history is given by Seah 
and Briggs, 1983. Further information on the technique may be obtained from Nefedov 
(1988), Seah and Briggs (1990) and Watts (1990).
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XPS studies photoemission which is the ejection of an electron from a core level by an 
X-ray photon of energy hv. The energy of these emitted photoelectrons is analysed by 
the system resulting in data profiles consisting of graphs of intensity (counts per second) 
against electron energy. This is the photoelectron spectrum. The electron spectrometer 
measures the kinetic energy (£"^) of the electron. This property is a result of the X-ray
source which is used and not a property of the material. The specific information 
relating to the electron in terms of its elemental origins and its atomic energy level are 
given by the binding energy of the electron, . The relationship between the binding
energy and the experimental parameters is given by a variant of the Einstein equation 
above;
E b"  A"- E k-'^' (Eq. 5.2)
where hv is the photon energy, is the kinetic energy of the electron and wthe
spectrometer work function. The process of photoemission is shown in Figure 5.1. An 
electron ejected from the k shell of an atom is termed a Is photoelectron. The 
photoelectron spectrum will reproduce the electronic structure of an element quite 
accurately, as all electrons with a binding energy less than the photon energy will be 
present in the spectrum. Once excited, the electrons may escape from the sample 
without energy loss contributing to peaks in the spectrum or they may undergo inelastic 
collisions, scattering and losing energy. These electrons form the spectral background. 
Following emission of a photoelectron, the ionised atom must relax either by the 
emission of an X-ray photon (X-ray fluorescence) or by the ejection of an Auger 
electron, which may also contribute to the spectra. Auger electrons are released in order 
to conform with the principles of the conservation of energy. The core hole (i.e. the k 
shell vacancy as illustrated in Figure 5.1) may be filled with an electron from a higher 
level. Following this, a photon or a fiarther electron must be ejected from the sample. 
This is the Auger electron which will manifest itself in the XPS spectra.
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Figure 5.1 - Schematic of the XPS process, showing photoionisation of an atom by the
ejection of a Is electron.
(From I F. Watts, 1990. An Introduction to Surface Analysis by Electron Spectroscopy,
Chapter 1.)
Chemical specificity of the XPS technique is the major advantage, as it makes it possible 
to identify not only the elements which are present in the sample but also reveals their 
chemical state. However, chemical specificity is obtained at the expense of spatial 
resolution as XPS typically involves an area of approximately 10 mm  ^(smaller areas of 
analysis may be achieved by using more specialised techniques such as Small Area XPS 
[50 |L im ] and even less [1 \xm] for elemental images). The electron spectrometer system 
generally consists of a sample, a source of primary radiation and an electron analyser, 
contained in an ultra-high vacuum system. A data system is also required for the 
acquisition and post-acquisition processing of data. Suitable samples for XPS are those 
solids which are stable within the chamber. Samples posing problems include porous 
specimens and those with a low vapour pressure. The two most commonly used photon 
sources are MgKai,2 (1253.6 eV) and AlKai,2 (1486.6 eV) and aU but the lightest 
elements (H and He) may be analysed using these sources. The vacuum systems
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employed for use in electron spectrometers operate in the ultra-high vacuum range, 10'^  
to 10'  ^mbar. This is necessary as low energy electrons are scattered by any residual gas 
molecules which may be present in the chamber, leading to a decrease in spectral 
intensity. This will also result in an increase in noise within the spectrum. A further 
reason for this, arising from the very nature of the surface sensitivity, is that at lower 
vacuum pressures a monolayer of gas may be adsorbed onto a solid surface in 1 second. 
As data acquisition time is far greater than this, high vacuum is a necessity.
When characterising the surface chemistry of a specimen, it is desirable to identify 
initially those elements present, providing an overview of chemical composition. To 
achieve this, a wide scan spectrum is usually carried out, covering the region which will 
subsequently provide peaks for all of the elements in the periodic table. For XPS, this 
covers 0-1000 eV on a binding energy scale. Peak identification is achieved with the aidP Ko bo e\fcCfer oof reference tables (as given in Appendix 5). ^PheteWeGtmn spectra comprise individual 
element peaks with Auger lines (a result of de-excitation as previously mentioned). The 
electron background is found to increase in a step-wise fashion following each peak. 
Other features which may be incorporated into the elemental spectra are those of X-ray 
satellites. These occur if the radiation used is non-monochromatic and may be 
recognised as small peaks a constant distance below the main photoelectron peaks. 
These smaller peaks do not usually pose a problem unless they occur in a region of 
particular interest such as at the same binding energy as an element present in a small 
concentration.
High-resolution spectra may be produced for areas of particular interest, ie. 20-30 eV. 
These cover a much narrower range of binding energies and small shifts in these binding 
energies, demonstrated by peak deconvolution, can indicate the chemical environment of 
the element under study.
The depth of analysis in XPS varies with the Idnetic energy of the electrons under 
consideration. The intensity (/) of electrons emitted firom a depth (^/)is given by the 
Beer-Lambert relationship:
170
Chapter 5 - Surface analysis of adsorbed proteins
I  = /o exp(-ùf/As i n ( E q .  5.3)
where is the intensity from an infinitely thick bulk substrate, 6 is the electron take-off
angle relative to the sample surface and X is the inelastic mean free path (IMFP). The 
latter term, X, describes the mean distance between energy-losing collisions, after which 
the photoelectron does not contribute to the characteristic peak. The low values of this 
component convey the extreme surface sensitivity to the XPS technique. For organic 
molecules, these values are typically less than 3 nm (Seah and Dench, 1979). Figure 5.2 
illustrates how electron intensity varies with depth for a carbon substrate. The Beer- 
Lambert equation may be manipulated in order to provide information about thiclcness of 
any layer at the surface, allowing depth-profiles to be constructed in a non-destructive 
manner. Using such a method it is shown that for electrons emerging at 90° to the 
sample, 65% of the signal will result from a depth of 1, 85% from 2X and 95% from 3X. 
The dashed line indicates the distance from the surface of the IMFP. It is seen that this 
value is less than 2 nm and typically IMFPs are only a few nanometres. Thus, if 95% of 
the signal is received from 3X, the surface sensitivity may be appreciated (Watts, 1990). 
From the Beer-Lambert relationship it is apparent that the depth of analysis is dependent 
upon the electron take-off angle relative to the sample surface. If a grazing angle of 15° 
for example is used, an analysis is performed which is highly surface sensitive. As higher 
angles (for example 90°) are approached, the depth of analysis will approach its 
limitations of 3^. Thus, variations with depth of a surface layer may be detected.
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Figure 5.2 - Electron emission as a function of depth, the horizontal dashed line indicating 
the distance from the surface of the inelastic mean free path (A,).
(From J.F. Watts, 1990. An Introduction to Surface Analysis by Electron Spectroscopy,
Chapter 1.)
XPS has previously been used in biological research, where particular interest has 
involved the study of biomaterials, such as those used in biocompatibility research 
(Williams, 1986), the properties of which may affect the long and short-term responses 
of the organism. This study of implant materials has naturally led to XPS investigations 
of protein adsorption to these surfaces. Ratner et al. (1981) used XPS to study thé 
relationship between the surface chemistry of synthetic materials and their interaction 
with protein (in this case haemoglobin), their aims being to elucidate how protein 
coverage is influenced by substrate type and to determine the degree of coverage at a 
given surface. The use of angle-resolved depth-profiling provided layer thickness 
information and an estimate of distribution. It was determined that on
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polytetrafluoroethene (PTFE), there was no angular dependence of signal, indicating 
that in the range of A,-3X, the coverage is sub-monolayer. This was attributed to islands 
of haemoglobin at the surface. However, haemoglobin on platinum showed strong 
angular dependence. By comparing C Is and Pt 4f signals, the layer was assigned a 
uniform thickness of 1.5-3.0 nm. Further to this, by comparison of the signals at various 
angles, there was an indication that the nitrogen in the protein structures was 
preferentially oriented towards the surface of the protein when coated onto platinum. 
They concluded from this information that the behaviour was suggestive of a denatured 
protein in which the polar groups interact less with other amino acid groups and are 
oriented towards the aqueous phase. Further studies involving haemoglobin and 
fibrinogen adsorption to polyvinyl fluoride, (PVF), polyvinylidine fluoride, (PVF2) and 
again PTFE were carried out by Paynter et al. (1984). Surface coverage, as determined 
by XPS, was dependent upon the protein, its concentration in solution and the substrate 
material.
The interaction between PTFE and protein was also studied by Subirade and Lebugle 
(1994). They investigated legumin (pea globulin) films on both glass and PTFE 
substrates. Angle-resolved depth profiling was again used. Survey spectra carried out 
indicated carbon, nitrogen, oxygen peaks as a result of protein presence plus a silicon 
signal from the glass surface and a fluorine signal from the PTFE surface. The presence 
of nitrogen at the surface as a component of protein was also determined by dissection 
of the C Is signal. Peaks were observed at 285 eV representing CH2 groups, 286.5 eV 
representing C(=0)-C-NH groups and 288.2 eV indicating the presence of C(=0)-N 
amide groups. When angle 0 was reduced, the C ls/0  Is and the C Is/N Is ratio 
increased, whereas the O Is/N Is ratio decreased. This would indicate in this case, 
preferential orientation of N and O atoms towards the solid surface. This is confirmed 
by C Is spectra which show a decrease in CH2 groups as the angle, 9, is increased. 
Peaks resolved for -C-N, -C=0 and -C-0 groups increased with increasing angle, again 
indicating that these signals arise from closer to the solid surface. A similar structure is 
observed on PTFE, although as previously observed by Ratner et al. (1981) there is no 
angular dependence between the C Is and the F Is signals, suggesting incomplete
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coverage of the protein on this surface. It was possible to use the silicon signal from 
glass to estimate the thickness of a uniform layer. Results from this work suggest that 
hydrogen bonding may take place between silanol groups at the solid surface and 
carbonyl, amine and amide groups of the protein.
The influence of polymer chemistry on protein-protein and protein-surface interactions 
was demonstrated by Baty et al. (1996). The variation in nitrogen alignment for a 
mussel adhesive protein (MAP) was shown to differ on polystyrene (PS) as compared 
with polyoctadecyl methacrylate (POMA), being enriched at the protein surface in one 
case and enriched at the polymer surface in the other. Labelling has also been used to 
determine protein orientation at solid surfaces (Margalit and Vasquez, 1990; Vasquez 
and Margalit, 1990). A myoglobin derivative was labelled using pentaammineruthenium 
(III), which is attached to specific histidine residues. Fe groups also serve as a further 
marker. The distance between the two elements of the markers, Fe-Ru, is comparable to 
the photoelectron attenuation length, thus it may provide a measure of protein 
orientation. As the ratio between Ru-Fe in the random molecule is known to be 1, any 
deviation from this may be interpreted as a change in orientation. If a preferred 
orientation exists, there would be an increased attenuation from the metal closest to the 
surface. For both aluminium and indium-tin-oxide surfaces, the ruthenium marker was 
shown to be furthest from the solid substratum.
XPS, in conjunction with other techniques, has also been used to analyse conditioning 
films of unknown composition developed on ureteral stents (Reid et al., 1994). XPS 
demonstrated that following implantation, a variation in the atomic percentages was 
observed in relation to the control. Survey spectra of the biomaterial device before 
implantation gave peaks for carbon, oxygen and silicon. Following implantation, a 
change in the atomic percentage was noted in some cases for carbon and oxygen, 
sodium, phosphorus, chlorine and calcium were sometimes present and in all cases a 
nitrogen signal was detected and the silicon peak diminished. This implies that the 
surface signal is attenuated by the conditioning overlayer. The presence of nitrogen was 
also suggested by breaking down the individual components of the carbon peak.
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Whereas the carbon signal from the control stent represented hydrocarbons (284.9 eV), 
following implantation, carbon peaks were also obtained at 286.6 eV (hydroxyl groups) 
and 288.9 eV (carboxyl groups).
Several groups have used XPS to study adsorption competition between proteins and 
other proteins, such as horse serum albumin (HSA) and calf serum (Dewez et al., 1997), 
surfactants (Dewez et al., 1997) and apatite (Serro et al., 1997). In the latter case, 
adsorption of apatite was monitored both in the absence and presence of albumin. 
Several methods were used to identify apatite alone at a titanium surface (SEM, energy 
dispersive spectroscopy [EDS], XPS, electrochemical impedence determinations and 
wettability measurements). Following competitive adsorption with albumin, only the 
XPS technique indicated the presence of an apatite layer, thus illustrating that albumin 
may inhibit the growth of an apatite layer at a titanium surface but not prevent it.
Fitzpatrick et al. (1992) used XPS analysis to study protein adsorption to mica surfaces. 
They used both angle resolved and energy-resolved depth profiling to estimate protein 
adsorption. The XPS signal from the mica is distinguishable from that of the protein by 
the nitrogen signal. They obtained quite a high carbon signal on the untreated mica 
surface, although mica contains no carbon. It is a common contaminant of mica in XPS 
and other high-vacuum techniques, and indeed is a frequent contaminant of all surfaces. 
In this case, the elevated levels were attributed to atmospheric carbon monoxide as the 
source, whereas a more plausible explanation would be to attribute these levels to 
hydrocarbons from the rotary and diffusion pumps used to pump down the 
spectrometer. The nitrogen peak for conconavalin A was approximately double that for 
horse radish peroxidase, indicating that approximately twice as much con A has 
adsorbed as HRP.
Although reports predominantly cover proteins adsorbed at solid surfaces or entrapped 
within a surface (Griffith et al., 1997), XPS has also been used to monitor the bacterial 
cell surface (Van der Mei et al., 1988). In this case, the N Is signal was compared to 
the C Is signal in Streptococcus salivarius for the parent type and a range of mutants.
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The increasing loss of proteinaceous fibrillar surface antigens of the mutants was 
accompanied by a decrease in the ratio of N Is/ C Is in relation to the loss of these 
surface structures.
The literature reports demonstrate that XPS has been successfully used to achieve a 
number of goals in the area of proteins at interfaces. Using the nitrogen N Is peak, this 
technique can be used to distinguish and identify an organic layer from the supporting 
substrate, with a high level of surface sensitivity inherent to XPS. In the current work 
XPS will be used to compare the amounts of milk-proteins adsorbed at stainless steel 
surfaces.
5.1.2 - An introduction to Atomic Force Microscopy (AFM)
When carrying out microscopy of biological systems, there are some important 
considerations. Primarily, these are the sensitivity of the specimen and the source of 
image contrast. Thus, it is desirable that the system should be capable of operating at 
High-resolutions, without damaging the specimen. A group of microscopes which go a 
long way towards meeting these criteria are the scanning probe microscopes (SPM). 
The underlying principle behind these instruments is the measurement of the interaction 
between a specimen and a probe scanning over its surface. One of the greatest 
advantages of SPM applied to the analysis of biological specimens is the high-resolution 
achieved without the high vacuum and radiation damage associated with electron 
microscopy. In addition, it is not necessary for the sample and substrate to be 
conducting. As the techniques are essentially non-destructive, it is even possible to 
follow processes over -te- time. Types of SPM include scanning tunnelling microscopy 
(STM) detecting electron tunnelling between a probe tip and sample surface, scanning 
near field optical microscopy (SNOM), detecting variations in light intensity as a probe 
is scanned across a sample and atomic force microscopy (AFM), measuring variations in 
force between a tip and a sample surface. SPM techniques may be used in various 
environments, providing 3-dimensional magnification and High-resolution. Imaging may 
be used to achieve resolution at the atomic (atomic/crystalline materials and corrosion
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processes), molecular (biomolecules such as DNA and proteins) and nanometre level 
(study of man-made structures and biological structures such as cells, viruses, antigen- 
antibody complexes) (Beech, 1996).
Atomic Force Microscopy was developed in 1986 (Binnig et al. 1986), in order to 
visualise features of non-conductors at a molecular level. It provides the advantage over 
other related techniques of High-resolution (0.1 nm vertically and 1 nm laterally) and 
relatively low forces exerted at the surface, typically ranging from 10'^  to 10'" N (Rugar 
and Hansma, 1990). Force microscopes essentially consist of 5 main components 
(Rugar and Hansma, 1990): a sharp tip mounted on a soft cantilever spring, a method 
for sensing the cantilever deflection, a feedback system to both monitor and control 
cantilever deflection, a mechanical scanning system to move the sample with respect to 
the tip and a display system. . The general principle behind the AFM system is given in 
Figure 5.3.
In its various forms, AFM has since been used to examine a range of biological 
specimens and its enormous potential in the biological field is reflected in the explosion 
of literature on the subject. The use of AFM in a variety of biological applications and 
the techniques available have been reviewed by several groups (Gould et al., 1990; 
Bustamante et al., 1994; Hansma and Hoh, 1994; Morris, 1994; Roberts et al., 1994; 
Shao et al., 1995; Shao et al., 1996; Kasas et al., 1997a) and its value specifically in 
food-related systems has also been discussed (Kirby et al., 1995; Miles and McMaster,
1995). AFM measures the force between the tip of a probe (typically silicon nitride) and 
the specimen surface, with subsequent image formation. These forces will depend upon 
the nature of the sample itself, the distance between the probe and the sample, the shape 
of the probe and contamination of the sample surface (Beech, 1996). As the probe is 
brought towards a sample, it will experience long range attractive forces, such as van der 
Waal’s forces. As it is moved closer still, electron orbitals between the probe and the 
sample surface will begin to overlap and repulsive forces operate. If the tip is brought 
even closer, the repulsive forces will outweigh the attractive forces and will dominate. 
The normal force is measured by the bending of a cantilever, which in turn is detected by
177
Chapter 5 - Surface analysis of adsorbed proteins
an optical photodetector. The system is highly sensitive in that it can detect cantilever 
deflections as the tip is scanned across individual atoms or molecules.
Laser
Cantilever
AFM Image
Sample
Piezoelectric tube 
scanner
Feedback
Control
Force or height 
constant
Figure 5.3 - A schematic diagram illustrating the principle behind the atomic force
microscope.
(Modified from diagrams by Beech (1996) & Zhdan (1997)
It is possible to operate the AFM in several different imaging modes (Kasas el al., 
1997a). These have various advantages and disadvantages depending upon the sample 
being investigated. Depending upon the sign of the interaction between tip and sample.
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two main modes may be achieved: repulsive (contact) or attractive (non-contact). 
Contact mode (DC) AFM is achieved by operating in the repulsive mode and as the 
name suggests, the tip makes contact with the sample surface. Data may be collected in 
two ways. The first is through applying a constant force whereby an electronic loop 
feedback to the piezoelectric device which controls and records the cantilever deflection. 
This maps out the topography of the surface. However, due to variations in 
compressibility of the sample, the interpretation of surface topography may not be 
representative. The second method is by operating in constant height mode, such that 
the cantilever is maintained at the same height throughout the scan. Topography is thus 
measured by cantilever deflection. A drawback to this method is that the force applied 
to samples with increasing cantilever deflection may cause damage to the tip and/ or the 
sample. To avoid damage to biological molecules, it is necessary to keep interaction 
forces below 10‘* N. For analyses in air, this is difficult as surfaces tend to gain a thin 
water or hydrocarbon film. This layer may range from 25 to 500 Â in thiclcness and 
results in strong capillary forces, the surface tension of which may result in attractive 
forces of 100 nN (Beech, 1996). It has been possible to reduce these capillary forces by 
the development of AFM systems capable of imaging under liquids (Weisenhom et al., 
1989). Operation in liquids may reduce surface shear forces by a factor of 10 (Rugar 
and Hansma, 1990) and further to this, allows observation in more physiologically 
relevant environments.
The non-contact (AC) mode of operation is rather more limited in its applications. The 
cantilever is oscillated at approximately its resonant frequency at a distance of 1-10 nm 
above the sample. Imaging is achieved due to long-range attractive forces (the 
cantilever will curve towards the sample) which cause a damping of the cantilever 
oscillations. Protrusions which are higher, and thus closer to the cantilever, cause a 
greater damping effect. As no contact is involved, this method creates less sample 
damage and is thus beneficial in the imaging of sofi: surfaces which may not be well 
adhered to their substrata. However, due to the small forces involved (lO"^ N), signal 
detection is difficult and large tip-sample distance creates reduced resolution. It is also
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necessary to use stiffer cantilevers in order to avoid the tip being bent down sharply to 
the surface.
An area with large potential in the biological field is the more recent development of 
Tapping Mode™ AFM (Digital Instruments, Santa Barbara, CA, USA). Using this 
method, a variation on true non-contact mode, the cantilever is again oscillated close to 
its resonant frequency and is scanned across the sample surface (Zhong et al., 1993). As 
it approaches the surface, it will make intermittent contact, hence the term ‘tapping’. 
This will consequently result in a decrease in amplitude of the oscillation. The feedback 
system allows for the adjustment of the oscillation such that it is kept constant at an 
average distance between tip to sample which in turn is translated into a topographical 
outline of the surface. Operation in such a mode results in negligible frictional forces 
upon the sample, while still allowing High-resolution. This resolution is governed not by 
the height of the tip above the sample, as with true non-contact mode analysis, but by 
the tip radius. It is particularly suitable for imaging biological samples wealdy attached 
to surfaces. Although samples may still undergo a degree of deformation due to vertical 
forces, the destructive influence of lateral forces due to the relative movement of the tip 
with respect to the sample are virtually eliminated, as duration of the tip-sample contact 
is short. In contrast to operation in contact mode, shear forces are reduced. With high 
frequency oscillation resulting in amplitudes of typically 20 nm-lOOnm, the tip is able to 
eliminate capture by the surface fluid layer, although this requires relatively stiff 
cantilevers of 20-50 N/m. This mode has also since been adapted for imaging in liquids 
(Hansma et al., 1994) where it is possible to make use of softer cantilevers (0.1 N/m). 
Operating in such a mode, the sample taps the tip as compared with tapping in air where 
the tip taps the sample. Hansma et al. (1994) used this new mode to image DNA 
molecules in water, obtaining molecular widths of 18 nm by contact AFM as compared 
with 5 nm by tapping AFM. Discrepancies between observed values between the two 
methods of analysis could be due to sample compressibility. Under liquid Tapping 
Mode™ at higher frequencies, due to their viscoelastic properties, soft biological 
materials effectively harden, thus being less susceptible to deformation (Putman et al., 
1994a; 1994b). It was concluded that at tip/sample interaction times of less than 1 ms.
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the surface acts as a ‘hard’ material. Tapping Mode™ has been used successfully to 
image a range of biomolecules, such as the structure of xanthan gum in air (Gunning et 
a i, 1996a), scleroglucan networks (Vuppu et al., 1997), RNA polymerase activity 
(Kasas et a i, 1997b), and IgG aggregation (Wâlivaara et a i, 1995).
An extension of Tapping Mode™ AFM is that of phase imaging. This is a powerful tool 
capable of providing nanometre-scale information about surface structure. Phase 
imaging is able to detect variations in composition, adhesion, friction and
w »'Stoeve«.st N c t tvisooeleastioity. Applications of this technique include the identification of 
contaminants, the mapping of various components of composite materials and the 
differentiation of high and low surface adhesion or hardness. This technique provides all 
of the benefits of the Tapping Mode™ in terms of imaging soft, adhesive, loosely bound 
or easily damaged materials. Information at the web-site of Digital instruments, CA, 
USA, gives various examples of the uses of phase imaging, such as composition of wood 
and the two-phase structure of a polymer blend, amongst others (Digital Instruments, 
1998). The principle of phase imaging is as follows. As previously described, Tapping 
Mode™ AFM involves the oscillation of a cantilever at its resonant frequency, driven by 
a piezoelectric driver. The amplitude of the oscillation is fed-back in order to measure 
topographical ve^riations in the sample. Phase imaging involves the simultaneous 
monitoring of the phase lag of the cantilever oscillation, relative to the signal being sent 
to the cantilever’s piezo driver. This is achieved using an extender electronics module 
and is recorded by the instrument. This phase lag is sensitive to material properties 
previously mentioned and as it is not affected by large height differences, it is useful for 
providing clearer images of fine detail features, which could otherwise be obscured by 
rough topography. Phase images are acquired in parallel with conventional images by 
selecting the phase data type from the software. The resolution of phase imaging is 
comparable to that of Tapping Mode™ AFM. A schematic of the principle of phase 
imaging is given in Figure 5.4.
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Figure 5.4 - A schematic illustration of the principle underlying phase imaging.
(Digital, Santa Barbara, CA, USA)
Artefacts in AFM images may result largely from surface contamination with thin films, 
tip geometry and/or probe sample adhesion. Capillary forces (discussed previously), 
also affect the tip, thus sharp probes have a lower capillary action as they have a smaller 
area of contact with the contaminating layer (Beech, 1996). Differences in adhesion 
between tip and sample have been shown to cause anomalies in height measurements 
carried out in air (Van Noort et al., 1997). The effects of tip geometry upon roughness 
measurements made using AFM have been examined by Westra and Thompson (1995) 
and artefacts in AFM imaging are also discussed by Hansma and Hoh (1994) and Castle 
and Zhdan (1997). Figure 5.5 indicates how tip geometry may influence topographical 
profile. This diagram illustrates how some areas of the sample may be inaccessible. The 
finite dimensions of the tip cause aberrations around features which rise sharply from the 
surface and there is an inherent limitation in visualising adsorbants as the underside of a 
particle cannot be seen. For example, a sphere imaged upon a surface would appear as a
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‘hiir as the lower part of the object would not be scanned by the tip (Goh and 
Markiewicz, 1992).
Tip movement
Substratum
W  Sample Tip ‘invisible’ area
Figure 5.5 - The effect of tip shape upon topographical profile.
(Kasas etal., 1997a)
Many different AFM techniques have been utilised in the imaging of protein molecules 
(Kasas et al., 1997a). Karrasch et al. (1994) immobilised a protein from the cell 
envelope of Deinococctis radioditratis at a glass surface, by covalent bonding, in order 
to study it using AFM. By choosing a protein which had previously been well 
characterised by electron microscopy, formed a regular array of identical units and one 
which formed a two-dimensional lattice thus making it suitable for immobilisation on a 
flat substrate, they were able to assess the faithfulness of the acquired image In buffer 
solution they obtained lateral resolution of 1 nm and vertical resolution of 0.1 nm of 
doughnut-shaped hexamers. It was determined that the limiting factor in the quality of 
the image collected was largely due to tip geometry, as deviations from observations 
made with electron microscopy occurred mainly in deep trenches or at very fine 
structures. Wâlivaara et al. (1995) used AFM to study the aggregation patterns of 
immunoglobulin G at hydrophobic and hydrophilic silicon surfaces and observed 
variations in molecular height between protein at a methylated and a non-methylated
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surface. A great advantage of AFM systems is the ability to follow events ‘real-time’ 
and this was used by Drake et al. (1989) to follow the polymerisation of fibrin following 
the addition of a clotting agent to a solution of fibrinogen. Wigren et al. (1991) used 
attractive mode AFM in air to study human fibrinogen adsorbed to silicon wafers. They 
were able to distinguish two protein forms, one tri-nodular the other globular, and 
imaged structures not directly visible with TEM. Data were obtained with minimum 
sample preparation to avoid disturbance of the system. The importance of sample 
preparation was noted by Thomson et al. (1996). They used AFM as a method of 
protein tracking, by which they were able to measure height fluctuations over urease, 
IgG and microtubule molecules. They commented that even by using the gentler form of 
Tapping Mode™, if first contact with the protein is from the side, it is possible for 
weakly adsorbed molecules to be pushed along in the slow scan direction. Affinity 
manipulations were made by adjusting the pH of the buffer solution. Although height 
fluctuations could be attributed to protein conformational change, partial rotation and 
variations in the protein hydration layer, it was also observed that tip induced motion, 
dependent upon strength of adsorption to the supports could also be responsible. 
Conformational changes in proteins were also seen by Radmacher et al. (1994) who 
made direct observations of enzyme activity using AFM. Lysozyme adsorbed onto mica 
was imaged and height fluctuations observed in the presence of a substrate. These 
height fluctuations were reduced in the presence of an inhibitor. Milk proteins were 
imaged by Gunning et al. (1996b). P-casein films were created at oil/water and 
air/water interfaces, then picked up onto mica sheets, allowed to dry and imaged under 
butanol. This produced images of p-casein composed of flat molecular networks of 
globular structures and it was possible to distinguish a difference in packing between 
high and low surface coverage. The authors appreciated however, that the process of 
transfer, drying and imaging under butanol may affect results. It is recognised that 
sample preparation for molecular resolution is critical (Roberts et al., 1994). The 
significance of specimen-support interaction is pertinent to avoiding molecules being 
swept from the surface due to tip action. Methods available for controlled imaging of 
molecules using SPM include platinum-carbon coating, chemical immobilisation, 
electrostatic immobilisation and chemically activated substrates which allow covalent
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bonding (Leggett et ah, 1993; Roberts et al., 1994). Such methods may be used to 
increase surface coverage. Other considerations are surface-tension-induced collapse 
during drying processes or thermal collapse if ffeeze-drying is employed. Gunning et al. 
(1996b) also noted the increase in protein film layer at increased protein concentration in 
solution, as did Chen et al. (1996) and Green et al., (1997), using AFM as a 
complementary technique. Both globular (lysozyme and monomeric actin) and 
filamentous proteins (actin and microtubules) have been imaged in physiological buffers 
using Tapping Mode™ AFM (Fritz et al., 1995). Proteins ranging in size from 3.5 mn 
to the order of millimetres were absorbed onto freshly cleaved mica for imaging. Both 
contact mode and Tapping Mode™ were compared. The pH of the buffers were 
manipulated in order to achieve a sufficient degree of attachment. Those proteins which 
were negatively charged at pH 7 required a positively charged surface in order to be 
immobilised. Images of lysozyme were obtained in buffer pH 6 for Tapping Mode™ 
analysis. However, due to the higher lateral forces induced by contact mode analysis, a 
pH of 4 was required to adsorb the protein strongly enough to the surface. Lysozyme 
was found to be randomly distributed and a high level of detail was observed, such as 
the helical structure of the filamentous actin. The globular proteins adsorbed strongly 
enough at physiological pH not to warrant further treatment. Stable images were 
obtained without any apparent damage. The filamentous proteins were slightly more 
difficult to image. It was necessary to reduce the pH for filamentous actin and 
negatively charged microtubules required a positively charged surface. All of the 
proteins appeared to be greater in height than expected when imaged in Tapping 
Mode™. Treatment with glutaraldehyde yielded dimensions which were slightly smaller 
than expected. The authors proposed several reasons for these observations. Height 
discrepancies could be due to i) tip-sample interactions as a result of electrostatic 
properties of the protein, ii) protein movement on a scale of milliseconds, or iii) a layer 
of adsorbed molecules or ions surrounding the protein. The height signal may also be a 
convolution of topography and tip-sample interaction. When the tip encounters a 
topographical feature on a hard substrate such as the mica surface used for protein 
immobilisation, a decrease in oscillation amplitude is effected thus the sample is retracted 
by the piezo device in order to restore the original amplitude. On a sample without
185
Chapter 5 - Surface analysis of adsorbed proteins
topographical features which may, for example, possess a spot at which there is a strong 
attraction between tip and sample, the tip will be pulled down and will again experience 
a decrease in amplitude. Feedback will correct this by retracting the sample slightly and 
thus the interaction manifests itself as a topographical feature.
Atomic Force Microscopy has been employed in this study in order to provide âirther 
information concerning milk proteins adsorbed at stainless steel interfaces. This 
information includes qualitative observations upon distribution and coverage and also 
quantitative data concerning structural dimensions at the surface.
5.1.3 -  An introduction to ellipsometry
Ellipsometry is used to determine the thickness and refractive index of thin films by 
measuring changes in the state of polarised laser light reflected from the sample surface. 
It derives its sensitivity from the determination of the relative phase change in a beam of 
reflected polarised light. The state of polarisation after reflection is determined 
experimentally. Change in amplitude and phase of the polarised light upon reflection is 
determined in two components: one in the plane of reflection (‘p’ plane) and the other 
perpendicular to it (‘s’ plane). Two ellipsometric angles, T  and A are defined as follows 
(de feijter,, 1978). Prior to reflection, the polarisation of light is characterised by an 
amplitude ratio, Ap/As, and a phase difference ôp-ôs, of the two components, p and s. 
Upon reflection, both the amplitude ratio and the phase difference change. The angle A 
is the change in phase difference caused by the reflection,
where r and I represent the reflected and indicent light respectively. The angle Y is 
defined by the ratio of the amplitude ratios before and after the reflection.
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Eq. 5.5
Via the Frensel reflection coefficients, the ellipsometric angles can be related to optical 
constants and dimensions of a sample and to the experimental set-up. The ratio of 
Frensel reflection coefficients Rp and Rg (which correspond to the p-plane and the s- 
plane) define ellipticity, p. This ratio is mathematically relayed to the ellipsometric 
angles, \|/ and A.
p  = = i m y / Eq. 5.6
For a single interface, the ellipsometric angles T  and A are a function of the refractive 
index of the two media at that interface and the angle of incident light. The refractive 
index is also dependent on the wavelength, À. Therefore, 'F and A vary with X. Where 
samples have one or more thin layers, T  and A also vary with the layer thickness and its 
optical constants.
Ellipsometers must consist of several optical elements. Although instruments vary, the 
components are essentially the same:
Source of light => polarisation generator => sample surface => analyser => detector
The source of light is typically a laser or a stable output lamp, for example Xe lamp for 
UV/VIS. Provided they are transparent, the probe beam used in ellipsometry can pass 
through a bulk liquid or solid. This technique also has the advantage that it is relatively 
fast. The apparatus has the capacity to detect thin layers at interfaces, but the 
subsequent interpretation of these layers is highly important. Roughness features on the
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sample surface or at a film interface are important as features can cause non-specular 
scattering of the incident beam and depolarisation of the specularly reflected beam..
Ellipsometry may be used for a number of applications (Styrkas et al., 1998). In the 
field of protein work ellipsometry has been used to characterise layers at hydrophobic 
silica surfaces (Malmsten, 1994), adsorption at the air-water interface (De Feijter et al., 
1978), competitive and sequential adsorption of proteins (Nylander and Wahlgren, 
1994) and proteins at metal surfaces (Hegg and Larsson, 1981; Amebrant et al., 1987; 
Arnebrant and Nylander, 1986) amongst others.
This chapter aims to provide further information about milk proteins adsorbed at a 
stainless steel surface by using XPS, AFM, ellipsometry and AES as a means of 
investigation.
5.2 - MATERIALS AND METHODS
5.2.1- Analysis of surface adsorbed organics by X-Ray Photoelectron Spectroscopy 
(XPS)
5.2.1.1 - Treatment o f stainless steel samples with milk dilutions for analysis by XPS 
Stainless steel samples, of surface finish 2B and No.8 mirror (see Section 2.2.3), were 
cut to dimensions of 1.0 cm x 1.25 cm. The stainless steel sections were cleaned as 
described in section 2.3.4 and flame sterilised. A range of milk dilutions were used for 
sample treatment. Skimmed milk was serially diluted in sterile RO water to create 
dilutions ranging fi’om neat milk to a 10'^  dilution. An untreated sample was prepared 
and subsequently compared with samples treated with neat skimmed milk and the 
dilutions prepared from it. The total surface area available for protein adsorption was 
kept constant with that used in the bacterial adhesion tests (thus, two samples of 
dimensions 1.0 cm x 2.5 cm and two samples of dimensions 1.0 cm x 1.25 cm were 
exposed to 5 ml of milk solution for treatment). Adhesion was allowed to take place for 
2 h at 20°C, with gentle swirling. At the end of this period, samples were removed and
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placed into 10 ml sterile RO water for rinsing as previously described (Section 2.3.5.1). 
The stainless steel sections were then air-dried in a laminar air-flow cabinet and 
subsequently placed under vacuum in a desiccator containing dry silica-gel, until analysis 
was carried out. Samples were contained in sterile partitioned cell culture dishes, with 
lids, to avoid as much contamination as possible.
5.2.1.2 - Treatment o f stainless steel samples with individual milk proteins for XPS 
analysis
Whole skimmed milk and 0.5 mM protein solutions of a-casein, P-casein, K-casein and 
a-lactalbumin (as described in Section 2.3.5.2) were used to treat stainless steel samples 
with a 2B surface finish, by the method described above. A clean, sterile but untreated 
sample was also analysed. Following treatment, the samples were rinsed and stored as 
described in Section 5.2.1.1 above.
5.2.1.3 - X-Ray Photoelectron Specti^oscopy o f protein treated stainless steel surfaces. 
Samples for XPS analysis were mounted on to specimen stubs using double sided tape. 
XPS data was collected using a VG Scientific ESCALAB Mk.II spectrometer interfaced 
to a VGS 5000S data system based on a DEC PDP 11/73 computer. The operating 
conditions were as follows; the X-ray source [Al Ka (1486.6eV) radiation] was 
operated at a power of 450 W (i.e. 13 KV potential and 34 mA emission current). The 
spectrometer was operated in the fixed analyser mode at a pass energy of 50 eV (survey 
spectra) or 20 eV (High-resolution spectra). The base pressure in the chamber during 
analysis was approximately 3x10'^ mbar. Survey spectra were obtained with one scan; 
high-resolution spectra were integrated over 1-25 scans depending on the intensity of 
the spectral region of interest. Spectral analysis was carried out using the standard VGS 
500s software for quantification and peak-fitting; quantification was based on peak areas 
calculated from the high-resolution spectra.
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5.2.2 - Analysis of surface adsorbed organics by Atomic Force Microscopy (AFM)
5.2.2.1 - Polishing o f samples for AFM
No. 8 mirror-finish stainless steel was cut into discs of diameter 1.2 cm. These coupons 
were then polished by the method described in table 2.3.3.
5.2.2.2 - Preparation o f samples and treatment with organics, for analysis by contact 
mode AFM
The samples were cleaned by a modified version of the method given in section 2.3 .4. 
Due to the highly polished nature of the surface which is thus prone to scratching, the 
vortexing-wash stage was omitted. In lieu of this, coupons were placed polished side up 
in sterile universal bottles, and swirled with 10 ml sterile RO water. This rinsing 
procedure was carried out 5 times, as in the original method. Samples for analysis by 
contact mode AFM were treated in situ in a closed cell system, a schematic outline of 
which is indicated in Figure 5.6.
To photodiode
Fluid inlet
From laser Spring clip
Cantilever holder
Fluid outlet
‘O’ ring
Sample
X, y, z translator
Fluid
Figure 5.6 - Schematic diagram of AFM fluid cell
(Zhdan, 1997)
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Using a syringe system, the sample cell (volume 0.15 ml) was filled with sterile RO 
water and the submerged, polished surface analysed. The cell was then allowed to stand 
for 2 h with the test surface in contact with the water. At the end of this period, the 
surface was re-analysed to assess any surface changes which may have taken place. The 
same procedure was used to analyse a polished surface after treatment with skimmed 
milk. An initial analysis of the surface was made under water which was subsequently 
replaced by skimmed milk. This was allowed to contact the surface for a period of 2 h, 
after which the milk was flushed out and the cell rinsed through with sterile RO water 
before further analysis. Analyses were carried out using a ‘Multi-mode’ Nanoscope® 
III AFM system (Digital Instruments, CA, USA). For constant force contact mode, 
commercial tetrahedral silicon nitride tips were used, which were 2.5 pm deep and 2 pm 
across, creating angles of 60°. SiN levers had a spring constant of 0.25 N/m. Software 
used for post-data acquisition processing was also obtained from Digital Instruments.
5.2.2.5 - Preparation o f samples and treatment with organics, for analysis by Tapping 
Mode AFM
Stainless steel discs were cut, polished and cleaned as described in Sections 5.2.2.1 and
5.2.2.2. In the first instance, analysis was carried out before and after treatment with 
RO water. One disc was placed into an acid-washed / RBS 25 cleaned glass beaker and 
5 ml of RO water added. The beaker was covered with a sterile petri-dish lid, to avoid 
airborne contamination, and incubated with gentle swirling, at 20°C for 2 h. At the end 
of this period, the disc was removed into 10 ml of sterile RO water for rinsing. The 
sample was rocked gently three times, with care being taken to avoid scratching the 
polished surface. This rinse was repeated. The procedure was repeated with a number 
of treatments (See Table 5.1).
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Table 5,1 - Protein treatment of stainless steel samples for AFM analysis in
Tapping Mode™
Treatment Concentration Volume
(M) (ml)
Skimmed milk - 5
K-casein 5  X  1 0 " ^ 5
K-casein 4 . 2 3  X  1 0 ' ^ * 5
a-lactalbumin 5  X  1 0 " ^ 5
* This value corresponds to a solution concentration of 1 mg/ml
Protein solutions were prepared to the required concentration as described in Section
2.3.5.2.
After rinsing, samples were kept under water until they were transferred to the atomic 
force microscope for analysis (this time was kept as short as possible as samples were 
prepared immediately prior to use). The treated discs were allowed to retain a thin layer 
of water throughout the analysis in Tapping Mode™. Several areas of the disc were 
imaged. Analyses were again carried out using a ‘Multi-mode’ Nanoscope® III AFM 
instrument (Digital Instruments). A nanocrystalline silcon tip, length 10 pm, was used 
for imaging and an oscillation frequency of 300 kHz.
5.2.3 -  Ellipsometry of adsorbed protein films
5.2.3.1 — Ellipsometry o f individual protein layers adsorbed at a diamond-polished, 
stainless steel surface
Adsorbed layers of individual milk proteins at a stainless steel surface were analysed 
with a variable angle spectroscopic ellipsometer (VASE®). Stainless steel discs 
(diameter 1.2 cm) were polished and cleaned as described in Section 5.2.2.2 and were 
placed into the bottom of a glass cell, sides fixed at an angle of 72°. The sample was
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aligned in air (using the alignment function) ensuring a good beam spot from the 
reflection and good back-reflection. Analysis was carried out at a fixed angle of 
incidence i.e. that of the glass cell, 72°. Occasionally it was necessary to vary this angle 
slightly (± 0.2°) in order to ensure the back-reflection was as good as possible. 
Spectroscopic scans were carried out in air and then water over a wavelength range of 
300-800 nm in 20 nm steps at 80 revs/measurement. These samples were then treated 
with individual milk proteins using the method described in Section 2.3.5.2. Following 
rinsing, the samples were realigned in the sample cell. Sterile RO water was then added 
to the cell to the highest level possible with care taken to ensure that no bubbles formed 
at either the glass windows of the sample cell or at the sample surface. A spectroscopic 
scan was again carried out in the range of 300-900 nm in 20 nm steps, this time at 120 
revs/measurement. Using the WVASE32™ software system, the bare substrate is fitted 
to a model stainless steel substrate from the software system (Metals=>ssteel). A layer 
is added to the stainless steel model (special materials=^cauchy layer) with the top layer 
represented as being ambient. A further layer is added to the model (special 
materials=>cauchy layer 2) representing the adsorbed protein film. The experimental 
data is then fit as closely as possible to the model-generated data providing values of 
thickness and refractive index.
Adsorbed protein films will show inhomogeneities in refractive index both normal and 
parallel to the surface. Therefore, refractive index ad thickness calculated from T  and A 
represent optical averages. Proteins generally do not behave as simple polymers, 
therefore, when the refractive index distribution is not known for certain, the amount 
adsorbed per unit area can be calculated instead. The data generated for optical 
constants is used to calculate the amount of protein adsorbed at the surface of the 
stainless steel, using the equation;
'(ic
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where, T is the amount adsorbed in g/cm^, h is the thickness of the layer (cm), ni is the 
ambient refractive index, ÏI2 the experimental refractive index and dn/dc the refractive 
index increment of the solute. T is calculated if the value for dn/dc is constant. For the 
purpose of this experiment, the value for a-casein was used (Sober, 1970). The values 
for n (either ni or ÏI2) are calculated as follows using data for the optical parameters (A 
and B) generated from the experimental measurements:
n = (Eq. 5.8)
A
where A, (wavelength) is expressed in p.m.
5.2.3.2 - Measurement o f protein adsorption
Clean, diamond polished discs were placed in the glass cell (sides angled at 72°). The 
samples were aligned and a spectroscopic scan carried out in air, as described in Section
5.2.4.1. Solutions of individual milk proteins were made up in sterile RO water at a 
concentration of 1 mg ml'\ Approximately 30 ml was required to fill the sample cell. In 
situ ellipsometry measurements were made over a period of time. These values were 
again substituted into equations 5.19 and 5.20 to provide a value for the amount 
adsorbed at the surface.
5.2.3.3 -  Ellipsometiy o f dried milk films
Clean, diamond-polished discs were aligned and analysed in air as described in Section
5.2.4.1. The samples were subsequently treated with milk as described in Section 
5.2.2.3. The samples were rinsed and dried under sterile conditions. The samples were 
analysed in air over a range of wavelengths (A, = 300 -  800 nm) and a range of angles 
(72-78°), The thickness of the adsorbed layer was approximated using the software 
programme as previously mentioned.
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5.2.4 -  Auger Electron Microscopy (AES)
An initial trial was carried out using AES to evaluate nitrogen distribution at milk- 
treated stainless steel surfaces. Stainless steel samples with a 2B surface finish were 
cleaned (Section 2.3.5) and milk-treated (Section 2.3.5.1). A number of samples were 
also cleaned but remained untreated. All samples were stored and dried as described for 
XPS in Section 5.2.1.1. The pressure in the analysis chamber was 3 x 10^  mbar. An 
accelerating beam voltage of 10 kV was used and Auger spectra were acquired under 
computer control over a range of 1000.0 eV to 4.20 eV with a channel width of 1.0 eV. 
Dwell time was 50.0 ms. The tilt angle from the primary electron beam was maintained 
at 75°. The specimen current was 0.5 nA for the secondary electron image and 10-15 
nA for spectra. Using the image produced by the secondary electrons, analyses were 
made at several points on the sample either at the high regions or in ‘troughs’. 
Magnification was x 5000. This was carried out for both untreated and milk-treated 
samples.
5.2.5 - Scanning Electron Microscopy imaging of three types of stainless steel 
surface finish
Samples of stainless steel with a 2B and No.8 finish (1.5 cm x 1.0 cm) and diamond- 
polished discs of stainless steel (1.2 cm diameter), were cleaned as previously described 
(Section 5.2.2.2) then allowed to air-dry in a laminar-air flow cabinet. The surfaces 
were mounted onto stubs and imaged using a Cambridge SI00 instrument at 15 kV, 
working distance of 10 mm and angle of tilt 45°.
5.3 - RESULTS
5.3.1- XPS analysis of stainless steel following exposure to milk and milk proteins
XPS analysis of stainless steel with either a 2B or a No.8 mirror type finish was carried 
out following treatment with various milk solutions, serially diluted from neat milk to a
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10'^  dilution. These data were then combined with S. aureus adhesion data for the 
surfaces, following similar treatment.
Table 5.2 indicates the reference binding energies used for peak identification (with 
respect to AlKa radiation) of the elements investigated in this study. A full table of the 
binding energies accessible with AlKa radiation is given in Appendix 5.
Table 5.2 - Table of reference binding energies for the elements studied with XPS
Element Atomic core level Binding energy (eV)
C C Is 285
N N Is 399
O 0  Is 532
Na Na Is 1072
Cl Cl 2p 200
Ca Ca 2p3/2 347
Cr Cr 2p3/2 575
Mn Mn 2p3/2 641
Fe Fe 2p3/2 710
The survey spectra given in Figure 5.7 and Figure 5.8 indicate peaks of the elements 
present in the untreated 2B sample and milk-treated sample respectively.
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Figure 5.7 - Survey scan of an untreated stainless 2B sample.
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Figure 5.8 - Survey scan of a milk (neat)-treated stainless steel 2B surface.
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The binding energies described here and illustrated in the various spectra have been 
corrected for charging effects. The experimental binding energies for the protein-coated 
stainless steel samples vary slightly from the theoretical values given in Table 5.2. The 
values become shifted upwards by approximately 10 eV or so. This occurs as a result of 
sample charging. This arises as a consequence of the build-up of a positive charge at the 
surface of a non-conducting specimen as the atoms lose electrons in the photo-emission 
process. As a result of this positive charge, a retarding field in front of the specimen is 
formed such that the photoelectrons now have a kinetic energy Ek, lower than that 
predicted by the equation:
E k = ^ - E b (Eq. 5.9)
where hv is the photon energy of the X-ray source, is the binding energy of the
appropriate core level and is referenced to the Fermi level of the spectrometer. If
the specimen is a conductor and is in contact with the spectrometer probe then charging 
effects will not be exhibited as the photoelectrons are replaced by electrons flowing 
through the sample. However, for those samples which are electrically isolated 
conductors and insulating materials, the initial rate of loss is greater than the rate of 
replacement, thus during the time taken for equilibrium to be achieved, a small amount 
of charging occurs (Swift et al., 1983).
A large peak is obtained for iron (710 eV), which would be expected and a smaller peak 
for chromium (575 eV), also present in the stainless steel substratum. The large iron 
peak represents the iron mainly bound in iron III oxide present at the surface of sample. 
The presence of a carbon peak (285 eV) is largely due to adventitious atmospheric 
carbon adsorption onto the cleaned surface as previously mentioned, although the levels 
observed here are generally speaking quite low and thus indicative of a relatively clean 
surface (Dr. I.Watts, personal communication). There is also a large oxygen peak (532 
eV) in the spectral data which may be attributed to the levels of oxide formed at the 
stainless steel surface in air. Even after cleaning, an oxide layer will form 
instantaneously.
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When comparing this scan with the survey scan from the sample treated with neat milk 
(Figure 5.8), an immediately apparent difference is the presence of a nitrogen peak at 
399 eV. This would indicate the presence of adsorbed protein, as this is by far the 
principal nitrogen-containing molecule present in the sample. Some non-protein derived 
nitrogen may be present in milk from sources such as urea (see table of milk 
composition, APPENDIX 4). These levels vary according to herd species, feeding etc., 
but are generally found to be between 3-8% of the total protein content (Grappin and 
Ribadeau-Dumas, 1992). Due to the presence of this layer, it is also noted that the 
intensity of the iron peak has diminished greatly, the peak representing the bulk iron has 
disappeared and the chromium signal is no longer prominent, again indicating an 
adsorbed layer. Although oxygen is also a component of protein molecules, this signal 
has decreased following milk treatment due to the attenuation of signals arising from 
surface oxides.
High-resolution spectra and subsequent peak analyses were carried out for Cls, 01s, 
Nls, Cr2p3/2, Mn2p3/2, Fe2p3/2, Ca2p3/2, Nals and C12p. Table 5.3 compares relative 
atomic percentages and atomic ratios (relative to carbon) for the elements analysed, 
between the untreated and the milk-treated stainless steel 2B surface.
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Table 5.3 - Comparison of the relative atomic percentages and atomic ratios of the 
elements studied for an untreated and a milk-treated stainless steel sample with a
2B surface finish
Spectral line Untreated Milk-treated
Atomic % Atomic ratio Atomic % Atomic ratio
C ls 23.9 1.0 48.4 1.0
O Is 54.5 2.3 33.9 0.7
N ls 0.9 0.0 11.1 0.2
Cr 2p3/2 6.2 0.3 1.6 0.0
Mil 2p3/2 1.3 0.1 Background -
Fe 2p3/2 9.8 0.4 2.9 0.1
Ca 2p3/2 0.6 0.0 0.9 0.0
Na Is 2.6 0.1 Background -
Cl 2p 0.2 0.0 0.6 0.0
The signal produced by calcium for the milk-treated sample is very small and the atomic 
ratio is in fact lower than the value obtained for the untreated surface. The table also 
clearly shows the increase in nitrogen and carbon signal due to the adsorption of an 
organic layer. When the individual elemental spectra are studied, more information is 
revealed. Figure 5.9 indicates the background levels of nitrogen detected on the ‘clean’ 
surface. In contrast, the nitrogen scan for the milk-treated surface has a relatively 
symmetrical peak at 399 eV resulting from the bonding between carbon and nitrogen in 
the form C-N (Figure 5.10).
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Figure 5.9 - High-resolution nitrogen N ls scan of an untreated stainless steel 2B surface.
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Figure 5.10 - High-resolution nitrogen N ls scan of a milk-treated stainless steel 2B surface.
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Comparing carbon spectra for the untreated and the treated surface (Figures 5.11 and 
5.12 respectively), it can be seen that following treatment, an extra shoulder appears in 
the peak profile relating to the bonding which may be attributed to N-C=0 in the protein 
layer (288.5 eV) and C-N and C-0 at 286.6 eV.
A difference is also observed with the oxygen peak profiles (Figures 5.13 and 5.14, 
untreated and treated respectively). Previously the oxygen representation was due to 
that present as oxide at the surface of the metal. However, following treatment, oxygen 
is also present as part of the protein layer. This is represented by a small shoulder in the 
oxygen peak profile.
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Figure 5.11 - High-resolution carbon C ls scan of an untreated stainless steel 2B surface.
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Figure 5.12 - High-resolution carbon C ls scan of a milk-treated stainless steel 2B surface.
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Figure 5.13 - High-resolution oxygen O ls scan of an untreated stainless steel 2B surface.
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Figure - High-resolution oxygen O ls scan of a milk-treated stainless steel 2B surface.
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The data given in Figure 5.15 represent the atomic percentages obtained for N ls and 
Fe2p following adsorption on to stainless steel from a range of milk concentrations. 
Data obtained for the adhesion of S. aureus onto stainless steel treated with the sameAftsolutions 4* included It is seen that the levels of bacterial adhesion follow approximately 
the same trend as the amount of iron signal obtained. In contrast, there is an inverse 
relationship with the amount of nitrogen signal and thus the amount of protein at the 
surface.
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Figure 5.15- XPS analysis of stainless steel 2B surfaces, indicating levels of nitrogen (Nls) 
and iron (Fe2p) following treatment with a range of milk dilutions, combined with adhesion
data for S. aureus.
XPS analysis of a second surface finish, No.8 mirror, was also carried out and similar 
trends are observed. Table 5.4 gives relative atomic percentages for the elements 
analysed for the untreated and the milk-treated stainless steel with a No. 8 mirror surface 
finish.
205
Chapter 5 - Surface analysis of adsorbed proteins
Table 5.4 - Comparison of the relative atomic percentages of the elements studied 
for an untreated and a milk-treated stainless steel sample with a No.8 mirror
surface finish
Spectral line Untreated Milk-treated
Atomic % Atomic ratio Atomic % Atomic ratio
C ls 28.3 1.0 52.3 1.0
O Is 47.4 1.7 32.0 0.6
N ls 0.9 0.0 10.5 0.2
Cr 2p 9.3 0.3 1.2 0.0
Mn 2p 0.9 0.0 0.2 0.0
Fe 2p 12.4 0.4 2.0 0.0
Ca 2p Background - 1.2 0.0
Na Is 0.7 0.0 0.4 0.0
Cl 2p 0.0 0.0 0.2 0.0
The nitrogen signal following milk treatment for this surface is similar to the signal 
obtained for the 2B surface (11.1% vs 10.5%), which would indicate that the levels of 
protein adsorption are very similar. Consequently, the levels of iron (2.8% vs 2.0%) and 
chromium (1.6% vs 1.1%) are also comparable.
Figure 5.16 gives adsorption data for the mirror finish surface over a range of milk 
dilutions. These data are combined with previously obtained bacterial adhesion data and 
as with the 2B surface studied, adhesion of S. aureus increases with increasing iron signal 
and exhibits an inverse relationship to the nitrogen signal. Thus it appears that the more 
protein at the stainless steel interface, the less bacteria will attach.
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Figure 5.16- XPS analysis of stainless steel No.8 mirror surfaces, indicating levels of 
nitrogen (Nls) and iron (Fe2p) following treatment with a range of milk dilutions, combined
with adhesion data for S.aureus.
The adsorption of individual milk proteins to stainless steel was also investigated. 
Survey scans were performed to give an idea of elemental composition and high- 
resolution spectra were obtained for Cls, Nls, Ols, Cr2p3/2 and Fe2p3/2. Survey 
spectra for K-casein and a-lactalbumin are given in Figures 5.17 and 5.18 respectively, 
illustrating the difference between the two protein types in terms of nitrogen levels at the 
surface and consequently, the difference in iron signal.
207
Chapter 5 - Surface analysis of adsorbed proteins
18 0 1 s
SURVEY
14 C ls
N ls
10
6
2
100 200 300 400 500 600 700 800 9000
Binding Energy / eV
Figure 5.17 - Survey scan of a stainless steel 2B surface following treatment with K-casein.
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Figure 5.18 - Survey scan of a stainless steel 2B surface following treatment with
a-lactalbumin.
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High-resolution spectra were obtained for Cls, Nls, Ols, Cr2p3/2 and Fe2p3/2. Atomic 
percentage of nitrogen (Nls) and iron (Fe2p3/2) calculated from these high-resolution 
spectra are given in Figure 5.19, representing surfaces treated with neat milk, a-casein, 
(3-casein, K-casein, a-lactalbumin and one untreated surface.
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Figure 5.19- XPS analysis of stainless steel 2B surfaces following treatment with individual
milk proteins.
Figure 5.19 above shows that the atomic percentage of iron detected at the untreated 
‘clean’ stainless steel surface is high with a virtually undetectable level of nitrogen. The 
relative percentage of iron appears greater here than in previous analyses as fewer 
elements were analysed in total. All of the caseins show a higher level of nitrogen at the 
sample surface than the neat milk, with K-casein giving the highest signal However, the 
a-lactalbumin treated sample appears to have less nitrogen at the surface.
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5.3.1.1 - Calculations o f approximate layer thickness using XPS data 
Information concerning the thickness of adsorbed layers is often obtained by XPS using 
angle-resolved or energy-resolved depth profiling and solved using the Beer-Lambert 
equation (as previously mentioned):
= (Eq. 5.10)
where, /  is the signal from the substrate in the presence of an adsorbed layer, is 
the signal of an infinitely thick layer of the substrate material, d is the thicloiess of the 
layer, X is the electron inelastic mean firee path and 0 is the electron take-off angle. In 
this work, angle-resolved analysis was not performed. However, it is still possible to get 
a comparative idea of layer thicknesses by exploiting this same equation. These figures 
will give information concerning the amount of organics at the surface, but cannot 
differentiate between a homogeneous and heterogeneous coverage. Hence, the 
information provided by this calculation represents the thickness of the layer when 
assuming a homogeneous distribution of the organics.
To achieve this, two signals are used: the signal obtained from the iron in the sample and 
the signal obtained from the adsorbed organic layer which attenuates the aforementioned 
iron signal. Equation 5.6 relates information from the nitrogen signal. This represents 
the value for an organic layer at the surface of the sample.
(Eq.5.11)
Equation 5.12 represents the Beer-Lambert equation expressing the iron signal received 
from beneath the organic layer:
(Eq.5.12)
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In each case, I^  is known as this is given by the peak intensities obtained in the spectral 
data. The angle of incidence, 0, is known as this was fixed at 45° for all analyses. T°, 
the signal from an infinitely thick substrate, remains unknown for both expressions and 
cannot be assumed to be the same, thus these terms cannot be cancelled out. However, 
the ratio of the two may be assumed from their photoelectric cross-sections. Thus,
Q u  _ 0-4r  1R (E q  S " )
A value for X is obtained by averaging the value for Xnis (2.7 nm) and Àpezp (1.6 nm) 
giving a value of approximately 2.2 nm.
Combining the two equations (Eq. 5.11 and Eq. 5.12) we get:
Td f l - e  ^=^^1^ N.. \  /_ Ni.,____________
f f e , ,
(Eq. 5.14)
rFor simplicity, will be represented as R, thus.
j d  f  1 — e-'at,. V /   (Eq.5.15)O /Asin^
Rearrange:
(Eq. 5.16)
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1-  1/ d/\  /  g /A s i n ô (Eq. 5.17)
(Eq. 5.18)
T 1,%sing —   |_ I (Eq. 5.19)
Talcing natural logs;
d
X sin^ = In R (Eq. 5.20)
Solving for layer thiclcness, d:
d = X sin^-ln
k x \
(Eq. 5.21)
Experimental values can be inserted into this expression to give estimations of the 
thickness of adsorbed layers. Table 5.5 indicates the values obtained for milk layers on 
stainless steel (2B) following treatment with a range of milk dilutions.
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Table 5.5 -  Equivalent thickness (d) values of milk layers upon a stainless steel 2B
surface
Treatment Peak intensity (KeV/s) d (nm)
N ls Fe 2p3/2
Untreated 0.6 28.4 0.2
Neat milk 6.7 6.5 3.2
Milk X 10’^ 8.3 10.3 2.9
Milk X 10^ 4.8 8.2 2.4
Milk X 10^ 4.5 14.2 1.7
Milk X 10"* 1.9 23.2 0.6
Milk X 10® 1.1 19.2 0.4
It can be seen that as the milk treatment becomes more dilute, the layer thiclcness 
reduces.
Table 5.6 indicates the values obtained for milk layers on stainless steel (No.8) mirror 
following treatment with a range of milk dilutions.
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Table 5.6 -  Equivalent thickness (d) values of milk layers upon a stainless steel
mirror surface
Treatment Peak intensity (KeV/s) d (nm)
N ls Fe 2p3/2
Untreated 0.5 43.9 0.1
Neat milk 8.3 10.5 2.9
Milk X 10^ 6.5 24.3 1.5
Milk X 10^ 5.5 22.3 1.4
Milk X 10^ 4.0 18.8 1.3
Milk X 10 4 2.1 18.7 0.8
Milk X 10® 1.1 66.0 0.1
Again it is noted that as the milk treatment becomes more dilute, so the adsorbed layers 
become reduced in thickness.
Table 5.7 indicates values obtained for milk and individual protein layers on stainless 
steel (2B).
Table 5.7 -  Equivalent thickness (d) values of individual milk protein layers upon
a stainless steel 2B surface
Treatment Peak intensity (KeV/s) d (nm)
N ls Fe 2p3/2
Untreated 0 129.3 0
Neat milk 7.0 9.4 2.8
a-casein 8.6 17.9 2.2
p-casein 10.3 7.3 3.7
K-casein 14.7 0 >9.0
a-lactalbumin 5.2 30.3 1.1
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The layer thicknesses calculated for the individual milk proteins indicate that there is an 
extremely low  level o f  organics at the untreated surface. By contrast, K-casein has 
produced a thick deposit, far in excess o f  the other individual milk proteins or indeed the 
milk-treated surface. After K-casein, the thickest layer is attained by P-casein treatment 
followed by neat milk, a -casein  and finally a-lactalbumin.
5.3.2. - Analysis of surface adsorbed organics by Atomic Force Microscopy (AFM)
5.3.2.1 - Analysis o f surface adsorbed organics by contact-mode Atomic Force 
Microscopy (AFM)
AFM analysis of organics adsorbed to a stainless steel surface was initially carried out 
using contact mode on a No.8 mirror finish substratum. One of the images of the bare 
surface before treatment is given in Figure 5.20. Many polishing tracks and 
miscellaneous scratches or abrasions are visible on the polished surface.
■' . y. .' .
Figure 5.20 - AFM image of the stainless steel/water interface of an untreated, No.8 mirror
finish surface.
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Following treatment with milk, subsequent contact-mode imaging gave little information 
as to the nature of the adsorbed layer. Organic deposits were not clearly visible at the 
surface (Figure 5.21), being masked by relatively rough features of the original 
(polished) surface.
Figure 5.21 - AFM image of the stainless steel/water interface of a milk-treated, No.8
mirror finish surface.
In an attempt to obtain clearer images, adsorption was carried out onto a diamond- 
polished surface, which has a much lower level of surface roughness. Figures 5.22 and 
5 .23 indicate the nature of the diamond-polished sample, imaged by contact mode in air, 
before treatment. Two views of the diamond-polished surface are given, with Figure 
5.23 indicating the height of the surface features, as represented by colour scale 
variation.
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Figure 5.22 - AFM image of the stainless steeFair interface of an untreated, diamond-
polished surface.
Figure 5.23 - AFM image of the stainless steeFair interface of an untreated, diamond-
polished surface.
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Superficial scratches are still visible on the untreated diamond-polished surface although 
the depth of these is far less than for the previous sample type. It is possible that a 
number of these could have been introduced during the cleaning of the samples.
The samples were also analysed in situ in the contact mode both after treatment with RO 
water and after treatment with milk, with imaging achieved beneath water. The resultant 
images are given in Figures 5.24 and 5.25 respectively.
Figure 5.24 - AFM image of the stainless steeFwater interface of water treated, diamond-
polished surface.
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Figure 5.25 - AFM image of the stainless steeFwater interface of a milk-treated, diamond-
polished surface.
A large difference is apparent between the untreated and the milk-treated surfaces 
(Figures 5.24 and 5.25). Figure 5.25 indicates additional ‘patchy’ surface material at 
several levels after treatment with milk, although the image is not particularly clear.
The data from the two samples were analysed for differences in topography. These 
results are given in Table 5.8. The measurements are with respect to a mean line, ‘R’, 
which cuts the profile such that the profile areas above and below the line are equal. 
Thus, RMS (Rq) = the root mean square mean of all values of the roughness profile R 
within a defined measuring length, Ra = the arithmetic mean of all values of the 
roughness profile R within the measuring length, R^ ax = the largest of five peak-to-valley 
values within a defined measuring length, ‘ surface area’ is that measured experimentally 
and the ‘surface area difference’ is the difference between the theoretical values for 
surface area and the observed. In this case, a 3 x 3 pm scan area was used thus making 
the theoretical surface area 9 pm .^
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Table 5.8 -■ Comparison of surface topography between untreated and milk-treated 
diamond-polished stainless steel surfaces
Sample type RMS R a R m ax Surface Surface
[Rq] area area
(nm) (nm) (nm) (pm )^ difference
(%)
Untreated 2.2 1.7 43.5 9.2 1.9
Milk-treated 1.8 1.4 15.0 9.1 0.2
Milk-treated 2.5 1.7 30.3 8.9 0.5
Milk-treated 2.0 1.5 16.7 8.4 0.5
Milk-treated 1.9 1.4 26.1 9.4 0.2
Milk-treated 2.1 1.6 18.3 9.1 0.7
(Figures expressed to 1 d p)
5.3.2.2 - Analysis o f surface adsorbed organics by Tapping Mode™ Atomic Force 
Microscopy (AFM)
AFM analysis of diamond-polished stainless steel samples was carried out utilising the 
tapping-mode™. The surface was first imaged after a 2 h treatment with water, an 
equivalent period to that of the protein treatment. The appearance of the water-treated 
surface is given in Figure 5.26. It can be seen that there is some difference between this 
image and that of untreated stainless steel, as imaged previously (Figure 5.22).
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Figure 5.26 - AFM height/phase image of the stainless steeFwater interface of a water-
treated, diamond-polished surface.
Diamond-polished samples were also treated with milk, K-casein (high and low 
concentration) and a-lactalbumin. Two types of image are produced: the first image is a 
standard topographical image indicating the surface profile of any visible structures. The 
second type of image is a phase image, which indicates the state of the surface structure. 
This image supplies information concerning the relative softness/hardness of the surface 
with a corresponding scale of dark/light colouration. Thus, the hard surface of the steel 
appears pale in colour while softer structures, as would perhaps be expected with 
deposition of organics, will appear as darker areas.
Topographical (Figure 5.27) and phase (Figure 5.28) images are given for the diamond- 
polished surface following milk adsorption.
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Figures 5.27 - AFM topographical image of the stainless steeFwater interface of a milk-
treated, diamond-polished surface.
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Figure 5.28 - AFM phase image of the stainless steeFwater interface of a milk-treated,
diamond-polished surface.
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It can be seen clearly that there are structures present at the stainless steel surface which 
were not visible on the sample before treatment with milk. In addition to this, the 
surface appearance also differs from that of the water-treated sample. Figures 5 .29 and 
5 .30 indicate a smaller scan area of the milk-treated sample. These reveal that some of 
these structures appear to be isolated, others merged together. Those which do stand 
alone appear to be approximately circular in shape. The z-axis of the image is 
exaggerated, thus, the height of the structure would be less than perceived. Quantitative 
values are given in Table 5.9.
Figure 5.29 - AFM topographical image obtained from a small scan area (2.6 pm )^ of the 
stainless steeFwater interface of a milk-treated diamond-polished surface.
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Figure 5.30 - AFM phase image obtained from a small scan area (2.6 pm )^ of the stainless 
steel/water interface of a milk treated diamond-polished surface.
Dimensions of the surface deposits, taken from several points of analysis, are given in 
Table 5.9.
Table 5.9 -Quantitative AFM of surface-adsorbed structures on a stainless steel 
diamond-polished surface following milk adsorption
Sample
point
Surface 
distance (nm)
Horizontal 
distance (nm)
Vertical 
distance (nm)
1 339.8 338.0 27.9
2 194.9 194.6 8.0
3 576.4 573.6 43.9
4 240.8 232.4 52.4
5 186.8 180.7 41.5
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Figures 5.28 and 5.30 (phase images) demonstrate that the surface structures observed 
are soft in nature, giving them a pitted appearance in the phase diagram, as the softer 
regions (in the centre of the deposit) appear darker. From the data given in Table 5.9, it 
can be seen that the structures also vary in size both in the area that they cover and in 
their height. A diagram illustrating how these measurements are made is given in Figure 
5.31.
II,»i 1 -• «11 f itii
V, # 1 .11 • t 1.1 I
Figure 5.31 -  Diagram illustrating how quantitative information concerning surface-bound
structures was obtained.
Adsorption of the individual milk-proteins K-casein and a-lactalbumin was also studied 
by AFM. Figure 5.32 is a 7 pm^ scan of the stainless steel diamond-polished surface 
imaged by tapping-mode AFM following a 2 h treatment with a 0.5 mM K-casein 
solution.
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Figure 5.32 - AFM topographical image (7 pm  ^scan area) of the stainless steel/water 
interface of a K-casein (0.5 mM) treated, diamond-polished surface.
A smaller scan area (3 pm^) is given in Figure 5.33.
Figure 5.33 - AFM topographical image (3 pm  ^scan area) of the stainless steel/water 
interface of a K-casein (0.5 mM) treated, diamond-polished surface.
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The protein-coated surface has a pleated appearance and little background substratum is 
visible. The combined height/phase image given in Figure 5.34 indicates the nature of 
the soft structures, as suggested by the phase image of darker protein coverage against 
the paler (harder) background of the stainless steel.
Figure 5.34 - Combined height/phase image of the stainless steel/water interface of a k -  
casein (0.5 mM) treated, diamond-polished surface.
An amount of dimensional data, such as height measurements, was extracted from the 
analysis of the K-casein treated surface. An indication of how these points were taken is 
given in Figure 5.35 and the results from a number of points of analysis are given in 
Table 5.10.
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Figure 5.35 - Sectional analysis of a K-casein (0.5 mM) treated, diamond-polished stainless
steel surface.
Table 5.10 - Quantitative AFM of surface-bound structures on a stainless steel 
diamond-polished surface following K-casein (0.5 mM) adsorption
Sample
Point
Surface 
distance (nm)
Horizontal 
distance (nm)
Vertical 
distance (nm)
1 653.5 651.9 36.5
2 408.6 407.4 24.7
3 654.5 651.9 41.6
4 704.3 703.1 34.3
5 803.2 800.8 36.3
The figures given in Table 5.10 vary somewhat, with heights of the protein structures 
ranging from 24.72 nm to 41.64 nm The horizontal range also varies considerably, with
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the largest value of 800.78 nm being almost double that of the smallest value, 407.41 
nm.
K-casein treatment was also investigated at a lower concentration of 0.0423 mM, 
corresponding to a concentration of 1 mg/ml. Figure 5.36 indicates how different the 
surface appearance is following this treatment as compared with that from the 0.5 mM 
treatment.
■
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Figure 5.36 - AFM topographical image of the stainless steel/water interface of a K-casein 
(0.0423 mM) treated diamond-polished surface.
It is noted that the surface has now adopted a roughened appearance and that the 
structures observed seem far smaller in their dimensions. Figure 5.37 supplies a 
combined height/phase image of the protein-coated surface, giving an indication of what 
appears to be non-uniform coverage of soft deposits.
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Figure 5.37 - Combined height/phase image of a K-casein (0.0423 mM) treated, diamond-
polished stainless steel surface.
Sectional analysis was also performed following this treatment. Table 5.11 gives the 
dimensions obtained from this procedure.
Table 5.11 - Quantitative AFM of surface-bound structures on a stainless steel 
diamond-polished surface following K-casein (0.0423 mM) adsorption
Sample
Point
Surface distance 
(nm)
Horizontal 
distance (nm)
Vertical 
distance (nm)
1 376.7 371.1 28.5
2 355.6 351.6 24.3
3 84.9 78.1 22.8
4 628.0 625.0 26.3
5 447.7 429.7 74.3
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Table 5.11 indicates that generally, heights and lateral dimensions appear smaller than 
those given in Table 5.10 for the K-casein treatment at the higher protein concentration. 
Although there is still considerable variation in the horizontal dimension, the vertical 
distances given by sectional analysis appear to be far more consistant.
The final sample to be analysed by AFM was that of the a-lactalbumin-treated surface. 
This was chosen as an example of a different protein type, i.e. not a casein. Treatment 
of a diamond-polished stainless steel surface was carried out at a 0.5 mM concentration. 
At a scan area of 7.83 pm ,^ no surface-bound material was visible. Thus, it was not 
possible to zoom in to any particular areas of interest for a more detailed image. 
Likewise, the phase images did not suggest the presence of any soft deposits, in contrast 
to the milk and K-casein treated samples. It would thus appear that very little a- 
lactalbumin material has adsorbed to the stainless steel surface. Figure 5.38 provides a 
combined height/phase diagram for the a-lactalbumin-treated stainless steel surface.
Figure 5.38 - Combined height/phase image of an a-lactalbumin (0.5 mM) treated, 
diamond-polished stainless steel surface.
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Due to the apparent lack of adsorbed protein, it was not possible to obtain dimensional 
data following this treatment.
5.3.3 -  Ellipsometry of adsorbed protein films.
5.3.3.1 -  Ellipsometry o f individual milk proteins adsorbed at a stainless steel surface 
Stainless steel samples with an adsorbed protein layer were analysed under water. This 
provides the benefit of experimental measurements being made of the protein in a 
hydrated state. The results given below are those for the fit of the A parameter. It is 
noted that that the values obtained at wavelengths of 300-340 nm are not given. It was 
not possible to fit these data points, possibly due to adsorption in this region. An 
estimate of error is calculated by the software and is given as mean square error (MSE). 
Using the optical values of A and B generated by the spectroscopic scan (values not 
shown), a value of F may be calculated from equations 5.16 and 5.17. The refractive 
index increment dn/dc is constant at 0.189 (Sober, 1970). Values for A and B are taken 
at wavelength (A,) 440 nm.
Analysis o f an adsorbed film o f a-casein 
Thickness of adsorbed layer: 2.40 nm 
MSE: 1.5
Results for the fit to A are given in Figure 5.39.
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Figure 5.39 -  Fit of the experimental delta (A) parameter to the model-generated data for 
an adsorbed layer of a-casein at a diamond-polished, stainless steel surface.
The values in Table 5.12 below are substituted into equation 5.8 to give values for the 
refractive index.
Table 5.12 -  Refractive index values for an adsorbed layer of a-casein
Refractive index An Bn Value of 11
Ambient layer 1.2897 0.0013 1.2964
Adsorbed layer 1.3777 0.0067 1.4121
These values can now be substituted into equation 5.7 to give a value for the amount of 
protein adsorbed at the surface.
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2.40x 10 (0.226)r  = ---------------: -  = 2.87x 10 g  cm0.189
Analysis o f an adsorbed film o f 6-casein
Thickness of adsorbed layer: 0.62 nm 
MSE: 0.01
The fit to delta is given in Figure 5.40.
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Figure 5.40 -  Fit of the experimental delta (A) parameter to the model-generated data for 
an adsorbed layer of P-casein at a diamond-polished, stainless steel surface.
The values in Table 13 are substituted into equation 5.8 to give values for the refractive 
index.
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Table 5.13 -  Refractive index values for an adsorbed layer of P-casein
Refractive index An Bn Value of n
Ambient layer 1.375 0.0003 1.3765
Adsorbed layer 1.38 0.0006 1.3830
These values can now be substituted into equation 5.7 to give a value for the amount of 
protein adsorbed at the surface.
.-9  -26.21x10 (0.006)r  = -------------- : -  = 197x10 g  cm0.189
Analysis o f an adsorhedfilm o f K-casein
Thickness of adsorbed layer: 24.37 nm 
MSE: 0.01
The fit to delta is given in Figure 5.41.
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Figure 5.41 -  Fit of the experimental delta (A) parameter to the model-generated data for 
an adsorbed layer of K-casein at a diamond-polished, stainless steel surface.
The values in Table 5.14 below are substituted into equation 5.8 to give values for the 
refractive index.
Table 5.14 -  Refractive index (n) values for an adsorbed layer of K-casein
Refractive index An Bn Value of n
Ambient layer 1.2897 0.0013 1.2964
Adsorbed layer 1.3777 0.0067 1.4121
These values can now be substituted into equation 5.7 to give a value for the amount of 
protein adsorbed at the surface.
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2.437x 10 (0.116)Y = ----------------: -  = 1496x10 g cm0.189 ^
Analysis o f an adsorbed film o f a-lactalbumin
Thickness of adsorbed layer: 3.78 nm 
MSE: 0.004
The fit to delta is given in Figure 5.42.
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Figure 5.42 -  Fit of the experimental delta (A) parameter to the model-generated data for 
an adsorbed layer of a-lactalbumin at a diamond-polished, stainless steel surface.
The values in Table 5.15 are substituted into equation 5.8 to give values for the 
refractive index.
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Table 5.15 -  Refractive index (n) values for an adsorbed layer of a-lactalbumin
Refractive index An Bn Value of n
Ambient layer 1.2913 0.0040 1.2953
Adsorbed layer 1.6055 0.0057 1.6351
These values can nov/ be substituted into equation 5.7 to give a value for the amount of 
protein adsorbed at the surface.
3.765x 10 (0.340) _2Y = ----------------:------   = 6.778 X 10 g cm0.189
From the results obtained here with ellipsometry, it appears that following treatment 
with individual milk proteins, the treatment results in decreasing amounts in the 
following order: K-casein>a-lactalbumin>a-casein>P-casein.
5.3.3.2 - Measurement o f protein adsorption
Results are given for in situ milk protein adsorption. T has again been calculated from 
the experimental data using equations
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Figure 5.43 -  In situ adsorption measurements of K-casein protein at a diamond-polished,
stainless steel interface (1 mg ml^).
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Figure 5.44 -  In situ adsorption measurements of |3-casein protein at a diamond-polished,
stainless steel interface (1 mg ml^).
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5.3.3.3 -  Measurement of adsorbed milk films
Good fits for the milk data were not obtained. The MSE values were not reduced to 
below 16.4. Layer thickness values obtained ranged from 6.7 nm (MSE 29.26) to 12.8 
nm (MSE 42.29).
5.3.4 -  Auger Electron Spectroscopy
The major elements detected at the untreated surface were iron, chromium, oxygen and 
carbon. From a number of milk-treated samples analysed, nitrogen was only detected 
very wealdy at the surface on one occasion. Although it appeared that in some cases the 
iron signal was damped slightly which may be expected from an adsorbed layer, this was 
not compensated for by the appearance of a nitrogen signal. Therefore, due to the low 
signal level from the sample in general, it was not possible to determine nitrogen and 
thus protein distribution, or to relate this to the topography of the surface. Nitrogen 
mapping was carried out on the sample which had produced the weak signal. Although 
indicating some signal for nitrogen, this provided no useful further information on 
coverage with respect to surface features.
5.3.5 - Scanning Electron Microscopy imaging of three types of stainless steel 
surface finish
The role of the surface finish in determining which technique could be used for a 
particular application was crucial. Figures 5.45, 5.46 and 5.47 illustrate the differences 
between the grades of polishing, in an order of decreasing surface roughness.
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Figure 5.45 - Scanning electron micrograph of a stainless steel sample with a 2B surface
finish.
Figure 5.46 - Scanning electron micrograph of a stainless steel sample with a No.8 mirror
surface finish.
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Figure 5.47 - Scanning electron micrograph of a stainless steel sample with a diamond
polished surface finish.
5.4 - DISCUSSION
The purpose of this work was to use the surface analysis techniques of XPS, AFM, 
ellipsometry and AES in order to gain more information concerning milk proteins 
adsorbed at stainless steel surfaces.
Due to different sensitivities of the instruments, there were limitations as to the type of 
sample which could be used, predominantly governed by surface topography. Figures 
5.45, 5.46 and 5.47 are SEM images of stainless steel 2B, No.8 mirror and diamond- 
polished surfaces respectively. The inclusion of these SEMs aims to convey the 
limitations of the techniques used here in terms of the analysis of ‘real’ surfaces. It was 
possible to use the XPS technique with both the mirror finish (Figure 5.46) and with the 
roughest of the surfaces, the 2B surface finish (Figure 5.45). In contrast, analyses
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carried out using AFM required a smoother surface, as the 2B surface finish was too 
rough. The mirror finish was imaged using AFM and as can be seen from Figure 5.20 
and from the corresponding SEM (Figure 5.46), although appearing relatively bright to 
the eye the surface has many machining lines and scratches. Although the tip used for 
AFM imaging was able to cope with the irregularities in terms of providing an image, 
analysis of adsorbed layers is difficult, as the molecules themselves are of insignificant 
size when compared to the surface irregularities. Thus it is desirable that the roughness 
of the sample be less than the dimensions of the molecules under study, otherwise 
resolution may be limited. It is clear fi-om the images obtained (Figures 5.20 and 5.21) 
that even the mirror finish is unsuitable for the purposes of imaging milk proteins. For 
this reason, further adsorption tests and imaging by AFM were carried out on the 
diamond-polished surfaces. Likewise, the mirror finish was also unsuitable for the 
ellipsometry work. The reflected beam produced a diffuse spot, rather than a sharp spot 
focused on the analyser, therefore the diamond polished surface was also used for this 
technique. These observations reflect the inherent problems involved with working on 
non-model surfaces. The Auger analysis was carried out on a 2B surface, as it was the 
features of this surface which were important to the experiment.
As previously mentioned in the introduction to XPS, Auger electrons can also provide 
chemical information. Auger electron spectroscopy involves irradiation of a sample with 
electrons. Following ejection of a core electron, this vacancy must be filled fi'om a 
higher level. In order to conform with the principle of conservation of energy, another 
electron must be ejected fi’om the atom. The kinetic energy of this electron is measured 
by the spectrometer and is the characteristic material quantity. AES has a much higher 
spatial resolution than XPS, hence this attempt to use it. Several milk-treated samples 
were analysed using Scanning Auger Microscopy. Scanning Auger Microscopy is a 
technique which combines an electron spectrometer with an ultra-high vacuum SEM 
whereby element maps are created using information obtained from a spectrum of Auger 
electrons excited by the beam of a Scanning Electron Microscope. Operating in this 
mode allows the positioning of the electron probe. The purpose of this test was to carry 
out point analyses to determine whether or not milk-deposits are predominantly located
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in the ‘valley’ regions of the 2B surface topography or at the crests of the ‘ridged’ 
regions, the hypothesis being that charge will be more concentrated at the more pointed 
regions. The literature suggests that protein interactions with a negatively charged 
surface involve electrostatic forces, thus surface charge density could be relevant. 
Auger analysis did not prove to be successful in developing this idea. It is clear from 
both the AFM and the XPS work that deposits are present at the surface but the Auger 
technique does not appear to be suitable for detecting these. It is possible that some 
degradation of the protein polymer may have taken place. Auger reportedly may cause 
surface changes in polymers (Dilks, 1981). Almâs and Lund (1984) used AES to 
determine milk soil remaining at a surface following a cleaning regime, however, these 
workers used calcium as their milk marker. Calcium was not used as a marker in this 
study as it was not Imown whether it remained associated with the protein at the surface.
The techniques employed have both advantages and drawbacks. Whilst the information 
provided here by XPS analysis has proved useful in estimating the amount of nitrogen at 
the surface of the sample and thus the relative amounts of protein which have adsorbed, 
it must be kept in mind that the XPS procedure is harsh in terms of the high vacuums 
used, subsequently resulting in sample deformation. Thus, the measurements taken of an 
adsorbed layer in XPS are in fact measuring the thickness of a dehydrated, collapsed 
system which is not a true representation of the natural molecular state. Ratner et al. 
(1981) attempted to minimise this effect by blotting a moist sample and freezing it 
rapidly by passing liquid nitrogen through the substrate holder. This was aimed at 
reducing evaporation. However, ultimately, this resulted in a redundant 0  1s spectrum 
as variations in blotting of the sample resulted in varying degrees of hydration. Paynter 
et al. (1984) commented that in their study, the indications were that allowing the 
samples to dry in air had the same effect as freeze-drying in terms of the results 
obtained, however this may be dependent upon the particular protein. Although more 
information concerning protein distribution at the surface may be obtained from carrying 
out angle-resolved or energy-resolved XPS analyses, it has also been indicated that 
prolonged exposure to the X-ray beam during this type of analysis may cause damage to 
the organic layer (Fitzpatrick et a/., 1992). The converse of this has also been reported
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by Griffith et al. (1997) and Subirade and Lebugle (1994) who through preliminary 
studies claimed that neither degradation nor contamination of the sample took place 
during analysis. Angle-resolved methods of analysis were not used in this study. 
However, used in conjunction with the information provided by the AFM imaging, the 
XPS techniques available proved to be somewhat complementary. In addition to the 
information regarding relative amounts of protein present provided by XPS, through 
AFM we now also have a visual interpretation of how the proteins are distributed at the 
surface of the stainless steel. From the biological point of view, one of the most exciting 
aspects of the advent of atomic force microscopy has been the potential to image 
molecules in aqueous solutions, mimicking physiological conditions, without the need 
for vacuum or dehydration in the preparation of the sample. Consequently a wealth of 
information is provided with regards to protein conformation and distribution. Although 
only two out of the four individual milk proteins previously studied were imaged using 
AFM (and also milk itself), the data collected have supported that provided by the XPS 
procedure.
As AFM imaging usually involves the study of the surface of a sample, it is necessary for 
this sample to be supported in some manner. For the majority of the reports in the 
literature, this arises out of necessity rather than as part of the experimental 
investigation. Extensively used substrata for the imaging of biomolecules include mica 
and glass. As previously mentioned, one of the primary constraints of the AFM 
technique is that the supports or surfaces used must be flat enough to allow imaging by 
the tip and that the roughness of the surface be less than the size of the adsorbed 
molecules under investigation, as this dictates the level of detail observable. Mica is an 
atomically flat, cleavable alumino-silicate crystal, thus ideal for immobilising and imaging 
molecules less than a few nm high, allowing the full resolution of the microscope to be 
achieved. Glass has a typical surface roughness of 1-2 nm and is suitable for thicker 
samples such as cells (Hansma and Hoh, 1994). In this study, the choice of the support 
substratum was pertinent as it was the interaction of protein with stainless steel in 
particular which was of interest. Thus the surface was as important as the protein 
biomolecule itself. It was also necessary to maintain the same substratum as far as
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possible in order to give a more direct comparison between these data and the bacterial 
adhesion data. While it is appreciated that higher-resolution images may have been 
possible on a more well-defined substrate, this would have deviated somewhat firom the 
intention of the study. Non-membrane proteins have been reported as hard to 
immobilise at surfaces, leading to poor image attainment. Despite this, it appears that in 
this work, the protein adsorbs well enough to the stainless steel surface for imaging to 
be achieved.
Thomson et al. (1996) used AFM techniques in order to measure height fluctuations 
over several protein molecules. They required the adsorbed molecules to be spaced well 
enough for measurements of both the protein and the surface to be made, but also 
required a high enough density in order that a number of repeat measurements could be 
taken. In an effort to achieve this, manipulations of the buffer pH were made to create 
greater affinity between the proteins and the mica or glass surface. In contrast, this 
study made no attempt to modify the adsorption conditions from those used in the 
bacterial adhesion studies. The sample preparation may be affected by a number of 
factors: the affinity of the molecule for the support, the concentration and amount of 
deposited solution and the length of incubation time allowed. In order to make 
comparisons and parallels between these observations and the observed effects of 
adsorbed milk constituents upon bacterial adhesion, it was preferred to keep these 
conditions as simple and as representative as possible. Thus, no specific sample 
preparation was employed.
A combination of XPS, AFM and ellipsometry techniques were used in order to 
characterise the adsorption of milk and milk proteins to stainless steel surfaces. Given 
the extremely low value for layer thickness resulting fi'om manipulation of the XPS data 
(Tables 5.5, 5.6 and 5.7), it would appear that the untreated samples are extremely 
clean. If it is considered that the bond length of the carbon-carbon bond is 0.154 nm 
(Emsley, 1997), a carbon-nitrogen bond 0.147 nm (Emsley, 1997), an amide C-N bond 
0.132 nm (Fessendon and Fessendon, 1990) and a nitrogen-nitrogen bond 0.147 nm 
(Emsley, 1997), then it may be assumed that very little contamination is present at the
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surface. The values of estimated layer thicknesses ranged from 0 nm and 0.2 nm for a 2B 
surface and 0.1 nm for a mirror finish surface. As previously aclaiowledged, some 
atmospheric surface contamination may take place (Fitzpatrick et al., 1992). This may 
be attributed to hydrocarbon adsorption from pump oil vapour. Griffith et al. (1997) 
reported hydrocarbon contamination but observed that no nitrogen contamination was 
present at the ‘bare’ untreated surface. This is in agreement with the work presented 
here.
As the major constituent of both milk and the protein solutions is water, it was necessary 
to first establish the effect that tliis agent itself would have on the stainless steel surface. 
Figure 5.26 indicates the appearance of the surface following a 2 h treatment with RO 
water, conducted in the same manner as treatment with proteins. The surface has a 
‘cloudy’ appearance in certain areas, although no distinct surface structures are visible. 
From results obtained in Chapter 4, it was seen that adhesion of S. aureus to a water- 
treated stainless steel 2B surface was reduced by a small amount, indicating that surface 
changes may have taken place. These are likely to involve dissolution of the surface as 
corrosion begins to occur at a slow rate. If the surface is open to oxygen, hydroxyl 
groups may form as a result of electron interactions with oxygen and water. The loss of 
electrons may also lead to the formation of chromium (III) ions which will dissolve into 
solution. A passivating layer may begin to form. However, due to treatment talcing 
place at ambient temperatures (20°) and in the aqueous environment that the sample is 
subjected to here (low ionic strength), it is expected this effect te- proceed relatively 
slowly.
Once the appearance of the water-treated surface had been established the adsorption of 
milk was investigated. XPS data obtained following adsorption of a range of milk 
dilutions at a 2B surface indicated that as the milk dilution factor was increased, so did 
the percentage of iron detected at the surface (Figure 5 .15), Combining this information 
with previously obtained S. aureus adhesion data suggests that as the iron signal 
increases, so does the level of bacterial adhesion. As the iron signal increases, so the 
nitrogen signal decreases. Thus, using the N Is signal as an indicator of the presence of
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protein, as the treatment solution becomes more dilute, so the level of protein at the 
surface following treatment becomes less. Hence there appears to be an inverse 
relationship between the amount of protein at the surface and the level of bacterial 
adhesion. Milk treatment of stainless steel causes a decrease in bacterial attachment of 
more than 90%. When a second surface type was investigated (No.8 mirror finish), a 
similar trend was observed (Figure 5.16) and absolute values for the amounts of nitrogen 
at the surface were not dissimilar (Tables 5.3 and 5.4). These results show similarities to 
the findings of Taylor et al. (1998) where no significant differences were found in the 
adsorption of BSA to both smooth and roughened surfaces, although it should be noted 
that in Taylor’s study protein adsorption was achieved over an extended time period. 
Calculations derived from the XPS data estimate a milk layer thickness of 2.8 nm at a 2B 
surface. However, it must be appreciated that this represents a dehydrated form and 
assumes a uniform coverage. Despite these considerations, this approach can provide 
valuable information concerning the relative amounts of protein when different 
treatments are compared. Analysis by AFM provides further insight into the nature of 
the adsorbed layer. AFM images of milk-treated stainless steel surfaces revealed that 
adsorption of milk material had taken place at the stainless steel surface (Figure 5.27) 
and phase imaging of the same adsorbed material suggests that these deposits consist of 
soft material, which would be consistent with an organic coating (Figure 5.28). This is 
expressed by the ‘indented’ appearance of the surface (as previously discussed. Section 
5.3.2.2). As skimmed milk typically contains less than 1% fat, it is unlikely that this is 
responsible for the images produced. The other major components of milk, with the 
exception of water itself, are carbohydrate (lactose - C12H22O11) and proteins. Work by 
Lo (1992) investigated carbohydrate levels at a stainless steel surface following milk 
adsorption using two different methods. In both cases the amount of carbohydrate 
detected was close to the limit of detection of the assays. He concluded that either the 
carbohydrate did not adsorb onto the surface in significant amounts or that in the event 
of adsorption talcing place, it was removed by the rinsing procedure. It is therefore most 
likely that the structures imaged here are milk protein deposits.
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It can be seen from Figure 5.27 that surface deposits consist of roughly circular 
structures which are heterogeneously distributed. A smaller scan area [Figures 5.29 
(topographical) and 5.30 (phase)] indicates that some of the structures appear to be 
isolated and many appear to be merged together giving them a ‘squashed’ appearance. 
These structures could represent casein micelles. Milk typically may contain 10^  ^
micelles L % thus in a 5 ml milk sample such as was used for treatment of the stainless 
steel surface, a theoretical approximation of 5 x 10^  ^ micelles are available for 
adsorption. Given a sample area of 1.13 cm ,^ it is clear that only a minute fraction of the 
material available adsorbs to the surface. Values obtained from the AFM data in this 
study indicate that these circular deposits have a horizontal dimension of between 
approximately 180 nm and 574 nm (Table 5.9). This does not however represent the 
diameter, but the distance from the edge of the structure to the point at which the height 
measurement is made. The diameter is thus approximately twice this value, giving a 
range of 360 nm to 1148 nm. Literature values for the diameter of casein micelles also 
vary, given as 50-300 nm (Coultate, 1985) and 20-600 nm (Schmidt, 1982). Casein 
micelles, when in the natural milk environment, assume a roughly spherical shape. It is 
clear from the measurements made during AFM analysis that this is not the case here. 
Although the deposits are roughly circular, this is in a 2-dimensional manner and the 
height values obtained for the surface-bound structures range from approximately 8 nm 
to approximately 53 nm. This implies a non-spherical structure, being far broader than 
they are high. The images obtained have been exaggerated in the z-direction for the 
purpose of observing more detail, thus the structures are far flatter than is perceived 
from these images. Micelles themselves consist of aggregates of smaller sub-units 
termed sub-micelles. These contain 25-30 molecules of a-, )3- and ic-casein (Coultate, 
1985). This information does not correlate well with the AFM images obtained in two 
respects. Firstly, the dimensions of the observed forms are far too large to match those 
of a sub-micelle, indeed some are larger than would be expected for a standard micelle. 
Also, the image detail of the circular structures does not suggest that they comprise 
smaller sub-units. If this were the case, it would perhaps be expected that the surface 
would adopt a ‘raspberry’ appearance. Such an appearance has been demonstrated by 
EM methods, although these methods have been criticised due to the necessary sample
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preparation involved (Rollema, 1992). The submicelle model is one of a number of 
models proposed for the structure of casein micelles, but it is generally the accepted one. 
Thus, if the images of the structures obtained cannot be correlated with the structure for 
either micelles or sub-micelles, it may be possible that the proteins undergo restructuring 
and unfolding at the interface resulting in an altered conformation. The height values for 
the milk deposits derived from AFM image analysis far exceed the layer thickness of 2.8 
nm calculated using XPS data. This would be predicted as the proteins imaged under 
water by AFM would be expected to maintain a fully hydrated state, whereas due to the 
high vacuum of the XPS procedure, this layer is expected to be dehydrated and 
collapsed.
The AFM data further suggests that the surface of the stainless steel may also be 
covered with a thinner layer beneath the larger structures. The phase image (Figure 
5.28) creates the impression that the background, i.e. the steel surface, consists of some 
hard areas as would be expected, but also that there are some slightly softer regions, 
although no distinct structures are visible. This perhaps comprises smaller molecules, 
possibly other proteins present in the milk. Proteins present in milk which would not 
normally be associated with casein micelle structure include a-Iactalbumin, P- 
lactoglobulin, bovine serum albumin and various immunoglobulins. There are also small 
amounts of the caseins which are not associated with the micelles themselves. Table 
5.16 shows the distribution of the major casein micelle constituents, between the serum 
and micellar phases. If the adsorbed milk consists of two layers, this may suggest why 
such a low iron signal was obtained in the XPS analysis and why so few bacteria are able 
to attach to the milk-treated stainless steel surface.
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Table 5.16 - The distribution of the major casein micelle constituents between the 
serum and micellar phases of bovine milk at pH 6.7 and 20°C
Component Micellar phase
(gL^)
Serum phase 
( g l / )
asi-casein 10.9 0.7
as2-casein 3 0.1
(3-casein 9 1.3
K-casein 2.9 0.5
Calcium 0.8 0.4
Phosphate 0.9 1.1
Citrate 0.1 1.8
(Data from Davies and Law, 1983, and Holt, 1985)
The low levels of calcium adsorption (as determined by the Ca 2p3/2 signal) were a little
unexpected, particularly as the levels observed for the 2B milk-treated surface did not
differ greatly from those values obtained for the untreated surface, although for the No.8
mirror surface the difference was a little greater. Table 5.16 provides information on the
calcium content of both the micelle and the serum phase of bovine milk. With respect to
other milk constituents, the concentrations are quite low thus a relatively small XPS
signal may be expected. However, it would not be unreasonable to assume that a higher 
toe,level may^observed at a milk-treated surface, particularly as calcium is an integral part of 
micelle structure (see Chapter 4).
Adsorption of individual milk proteins to stainless steel surfaces was also studied, ic- 
casein was demonstrated to be at the surface of the stainless steel sample following a 2 h 
treatment with a 0.5 mM solution, by both AFM and XPS. Figures 5.32 and 5.33 
indicate approximately 7 pm^ and 3 pm^ scan areas respectively. The larger scan area 
indicates that heterogeneous surface coverage has taken place, appearing highly
25Ï
Chapter 5 - Surface analysis of adsorbed proteins
disordered, as a system of inter-connecting islands against a lower level background. 
Adsorption appears to be irregular. The background area between the ‘islands’ also 
seems to consist of some adsorbed material, suggested by the mottled appearance of the 
orange colour scale. The adsorbed material has a blistered appearance. Considering 
that the small scan area is 3 pm^, the dimensions of the stmctures observed are large. 
The adsorbed material appears to consist of multi-layers, as the underlying substratum is 
not visible. This could account for the large scale of the structures observed, as imaging 
multi-layers presents several difficulties. The first point to note is that it is difficult to 
obtain dimensions for individual structures, as was possible for the milk-treated sample 
for example, as isolated structures are difficult to identify. It is interesting to mention 
here that Weisenhorn et al. (1990) found that imaging of molecular detail (4-leafed 
structures of dimensions 12 x 6 x 2 nm in this case) was far more likely on samples 
supporting dense areas of protein, whereas in areas where proteins were sparse, no 
submolecular structure was resolved. The second point is that it is more difficult for the 
AFM system to image multi-layered structures with similar properties, which may be the 
case here. This is largely due to tip interactions and tip geometry. In Tapping Mode™, 
the viscoelastic properties of the sample are important as the tip makes contact and the 
sample compresses slightly. If multiple layers are imaged, the material may behave with 
more ‘spring’ thus affecting the image acquired. It can be seen from Figure 5.27 that the 
values obtained for the height of these structures vary somewhat. Three of the values 
are similar (36.5 nm, 34.3 nm and 36.3 nm) whereas the remaining two fall above and 
below these (41.6 nm and 24.7 nm). Thus, the protein layer appears to be randomly 
adsorbed in terms of the lateral coverage and in terms of non-uniform height. It is not 
possible to say whether this is a result of the difficulties in imaging this type of structure 
or whether the height discrepancies are due to multi-layer formation. The information 
suggesting the presence of thick layers of ic-casein is well supported by XPS data. When 
individual proteins were analysed at the surface of the stainless steel samples, ic-casein 
treatment resulted in an iron signal which was not easily distinguished from the 
background noise levels (Figure 5.17). This implies that the depth of analysis was 
approaching the limits of the instrument (9 nm). Thus, the results suggest that the 
adsorbed layer of K-casein is greater than 9 nm thick. The height values obtained for
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surface-adsorbed material following treatment of stainless steel with milk (Table 5.9) 
were mostly greater than those for ic-casein (0.5 mM) (Table 5.10) as was the range of 
values. Despite this, when comparing layer thickness, the projected value (from XPS 
data) for a layer of milk at the stainless steel surface was considerably lower than that for 
K-casein, 2.8 nm as compared with > 9 nm. As the calculated values of layer thickness 
from XPS results approximate what the layer thickness would be if the material were 
uniformly distributed, this would imply that the K-casein layer is consistently thicker than 
the milk layer. Thus, even though a number of the measured milk structures were higher 
than those of the K-casein deposits, it is probable that they are distributed more sparingly 
with larger void areas. This idea is upheld by the AFM images produced following milk 
(Figure 5.27) and K-casein treatment (Figure 5.32). Combining this information with 
bacterial adhesion data for S.aurevs demonstrates that in this case, ic-casein is also highly 
effective at preventing bacterial attachment to the stainless steel surface (Figure 5.19).
When the adsorption of K-casein at a lower concentration (0.0423 mM) was investigated 
by AFM, it was found that the surface of the stainless steel adopted a very different 
appearance (Figure 5.36). Following the more dilute ic-casein treatment, the thick, 
rippled appearance of the previously observed sample disappeared. Instead, the surface 
has a roughened appearance, coarser than previously observed. Surface features of the 
stainless steel substratum are still visible through the adsorbed layer, suggesting that this 
layer is genuinely thinner than the one previously observed. Combining height 
information with that provided by phase images again gives the impression of irregular 
coverage by soft deposits. However, when the height values are studied (Table 5.11) 
they have a far smaller range than previously observed, varying between 21.1 nm and 
28.5 nm. This could result from a far more ordered arrangement of molecules at the 
surface at this concentration.
Adsorption of a-lactalbumin onto stainless steel was also studied. Following a 2 h 
treatment at a concentration of 0.5 mM no surface-bound material was observed, 
illustrating a clear difference between this and the milk-treated or ic-casein treated 
samples. At a surface scan area of 7.83 pm ,^ the stainless steel surface was no different
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in appearance than that of an untreated surface (Figure 5.38). The fact that no visible 
layer is observed with AFM analysis could imply that the layer is very thin, perhaps 
approaching the resolution limit. It has previously been discussed (Section 5.1.2) that 
many biomolecules are intrinsically difficult to image as passing of the tip across the 
sample surface may result in deformation of the molecules or even in proteins being 
swept away from the surface. AFM was originally carried out in contact mode 
producing images of a milk-treated surface which were unclear and shaky (Figure 5.25). 
Similar accounts were given by Caruso et al. (1997) for the imaging of ferritin molecules 
in constant deflection mode, producing irreproducible images which were smeared and 
distorted. There are several reasons why these images may have been produced in this 
study. The first may be due to the nature of the adsorption procedure. For contact 
mode imaging, the milk adsorption was carried out in situ within a closed cell system. 
Thus, the shaky imaging could be a result of loosely bound material which has not been 
removed by the in situ rinsing procedure. However, this is highly unlikely as 1) the 
shear forces created by passing the rinse water through a low-bore nozzle would be 
reasonably high and 2) the sample cell volume was replaced with fresh water many times 
during the rinsing procedure. Another possibility is that the tip becomes contaminated 
with protein molecules, although this would become more likely with recurrent imaging. 
A further reason, and perhaps the most likely, is that due to the higher forces involved 
with acquiring images in this mode, the protein molecules are being dragged along the 
surface creating image distortions. For this reason, the contact mode of imaging was 
rejected and subsequent samples were imaged using Tapping Mode™ (Section 5.3.2.2). 
As previously discussed (Section 5.1.2), this method of data acquisition results in lateral 
forces which are far more gentle than those produced by the direct contact modes. It is 
unlikely that this technique would have removed such a large amount of the material 
present as to leave what essentially appears to be a bare surface.
These lower levels of a-lactalbumin adsorption correlate well with other results 
extracted from XPS and bacterial adhesion data. Corroborative XPS results signified 
that adsorption of a-lactalbumin at the surface had taken place, but at lower levels than 
the other individual proteins and neat milk. Atomic percentages (Figure 5.19) showed
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that a lower percentage of nitrogen (5.9%) was present at the stainless steel surface 
following treatment with a-lactalbumin, giving rise to a calculated layer thickness of 1.1 
nm (Table 5.7). Both of these values were the lowest for any of the protein treatments. 
This fits well with the pattern of bacterial adhesion obtained. Generally, as increasing 
amounts of nitrogen are present at the sample surface, fewer bacteria attach. The 
highest level of bacterial adhesion was observed on stainless steel which had been 
treated with a-lactalbumin, with just a 39.6% reduction in adhesion levels for S . aureus. 
Although AFM analysis was not performed on the remaining milk proteins, a- and p- 
casein, adsorption of these proteins was investigated by XPS. The results indicated that 
the levels of nitrogen N Is signal detected, in order of decreasing atomic percentage, 
were: K-casein, p-casein, a-casein, milk and a-lactalbumin (Figure 5.19). The 
differences in nitrogen signal observed could possibly be regarded in two different ways. 
XPS is a technique which has a limited depth of analysis, as has previously been 
discussed, making it a popular choice for surface-sensitive analysis. A possible 
interpretation of the results observed could be due to the manner in which the proteins 
are folded. If it were the case that the nitrogen moiety of the protein were found deeper 
in the layers and closer to the surface with side chains protruding from the surface, it 
could be expected that the levels of carbon and oxygen detected may be higher. 
However, this would assume that the protein layers were sufficiently thick such that the 
nitrogen signal was not detected. From the data produced, this does not appear to be 
the case. With the exception of K-casein, where an iron signal could not be identified 
from background noise, analyses of the remaining protein treatments produced an iron 
signal in addition to a nitrogen signal, indicating that the depth of analysis by XPS had 
not been exceeded. Thus, it would be more appropriate to conclude that the reason for 
the lower levels of observed nitrogen are simply because less protein is present. 
Alternatively, if the protein is in thick islands with ‘thinner’ regions interspersed, the iron 
signal could originate from these regions. However, angle-resolved techniques would be 
required to substantiate this.
Regarding Tables 5.17 and 5.18, there appears to be little difference in the nitrogen 
content of the casein proteins. Although a value for a-lactalbumin is not included in the
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Table 5.18 of the individual milk proteins, the value for the major whey protein p- 
lactoglobulin is given and is not dissimilar from the other protein values. A value for a- 
lactalbumin is given in Table 5.17 and again is similar to the other milk protein values. 
This would suggest that the results obtained by XPS may be directly compared without 
requiring allowances for variations in nitrogen content. It is unlikely that a variation in 
nitrogen content could account for the lower levels of nitrogen seen at the surface 
treated with a-lactalbumin, especially as from the values given in Table 5.17, the a- 
lactalbumin is actually attributed a higher value for nitrogen content than the caseins.
Table 5.17 - Nitrogen content of milk
Protein Concentration
(gÆ,)
N%
(w ith o u t carb oh yd rate)
a s i-c a s e in 10.0 15.77
a s 2-c a se in 2.6 15.83
p -c a se in 9.3 15.76
K -casein 3.3 16.26*
a -la c ta lb u m in 1.2 16.29
Milk 33.0 15.87
* Witli carbohydrate, this value is reduced to 15.67% 
(Karman and Van Boekel, 1986)
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Table 5.18 - Nitrogen content of isolated milk protein
Protein %N
as-casein 15.55
(3-casein 16.41
K -casein 14.84
P -la cto g lo b u lin 14.97
(Karman and Van Boekel, 1986)
AFM has previously been used in conjunction with XPS to provide information 
concerning proteins at interfaces. Baty et al. (1996), also used a combination of AFM 
and XPS, among other techniques, to demonstrate interactions between mussel adhesive 
protein and polystyrene and poly(octadecyl methacrylate). The XPS data obtained 
indicated that nitrogen increased with depth of mussel adhesive protein layer on 
polystyrene, whereas, the reverse was true for the poly(octadecyl methacrylate), 
indicating nitrogen enrichment at the surface. The AFM was able to provide them with 
additional information, indicating that protein adsorption to the two different surfaces 
varied considerably in terms of distribution and packing, being far more heterogeneous 
at the poly(octadecyl methacrylate) surface. It has been shown in this work that this 
combination of techniques may also provide crucial information concerning the 
adsorption of milk proteins at stainless steel surfaces. A combination of these two 
techniques (along with quartz crystal microbalance [QCM] and surface plasmon 
resonance [SPR]) was also used to characterise ferritin adsorption onto gold (Caruso et 
al.  ^ 1997). XPS calculations for layer thicknesses of ferritin at the gold surface were in 
agreement with the values obtained with QCM. XPS also revealed a signal from the 
substratum was still obtained at grazing angles, the implications being a continuous layer 
of thickness less than that previously determined or incomplete coverage. It was not 
possible to distinguish between the two using the aforementioned techniques.
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Nevertheless, using Tapping Mode™ AFM provided confirmation of a discontinuous 
ferritin layer.
The advantage of ellipsometry is that like AFM, the samples can be imaged under liquids 
thus their conformation is more representative of the natural state. For this reason, layer 
thicknesses obtained by this method are not comparable with those produced with XPS, 
where the sample is highly dehydrated. Despite this, levels of protein at the surface 
should be comparable. The ellipsometry data did not always fit well with the data 
obtained for AFM, XPS or the bacterial adhesion studies. K-casein is determined as 
adsorbing to the surface in the greatest amounts. This is in accordance with previous 
results. Next highest adsorbed amount is a-lactalbumin with greater amounts than 
either a-casein or P-casein. XPS analysis indicated that out of all of the proteins, least 
nitrogen was present at the stainless steel surface following a-lactalbumin adsorption. 
The AFM images also revealed little detail of adsorbed structures at the surface of the 
stainless steel following adsorption of this protein. Further to this, bacterial adhesion 
was reduced by the least amount when suspensions were exposed to a-lactalbumin 
treated surfaces. If the XPS data is considered, as previously discussed, a lower 
percentage of nitrogen could be obtained if the layer is extremely thick, with the 
nitrogen oriented towards the metal surface, below the depth of analysis. However, in 
the case of a-lactalbumin, a considerable iron signal was also detected indicating either a 
continuous layer which does not exceed the escape depth or thicker structures 
interspersed with regions of virtually no adsorption, from where the iron signal is 
detected. It would be expected that such structures should be detected by AFM. If the 
ellipsometry data are correct for a-lactalbumin, it would be expected that the values for 
a-casein and p-casein should be higher. This is partly demonstrated in the in situ work 
where p-casein was shown to adsorb in similar amounts as the K-casein protein. 
Although no AFM data were obtained for a - and p-casein, the XPS data suggest more 
nitrogen is present at the surface following p-casein adsorption than following a-casein 
adsorption, again in contrast to the results produced by ellipsometry. Further to this, 
both of these proteins cause substantial reduction in bacterial adhesion when coated 
onto stainless steel surfaces. The adsorption of K-casein fits well with the other data.
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Bacterial adhesion was reduced considerably by the presence of this protein, XPS 
revealed that the highest amount of nitrogen was present at the surface following 
adsorption of this protein and AFM images revealed some thick layers and deposits, 
although in most cases these were greater than the value of approximately 24 nm 
obtained here. The data for the protein layers adsorbed from a 0.5 mM solution were 
difficult to model and suitable fits could not always be obtained for T , thus this could be 
the reason why such apparently different results were obtained. Likewise, suitable fits to 
the data were not obtained for dried milk films. Estimates of error were high. This is 
likely to be due to the highly complex nature of milk. Further development of this 
model is required.
In conclusion, a number of points can be made concerning the achievements of this 
work:
Firstly, it has been shown that it is possible to image proteins at a stainless steel interface 
using AFM techniques. As previous bacterial work had been carried out on stainless 
steel 304, it was desirable that this should also be used for the surface analysis work in 
order for direct comparisons to be made. In the majority of the literature, substrata are 
manipulated to increase the affinity with the molecule of interest and are present merely 
as a support rather than as an element of interaction with the molecule of interest. 
Although for the purposes of this study it was possible to use the same stainless steel 
304 material, it was necessary to modify the topography in the form of polishing to 
improve resolution. The XPS technique however was able to cope with the greater 
surface roughness of the 2B and the No. 8 mirror finish.
Reasonable AFM images were obtained of the protein coated surfaces without the need 
for fixing methods which could modify the structure. It was possible to image the 
proteins under water, thereby visualising them in a fully hydrated state. This is also 
possible with ellipsometry as again measurements may be taken under water. Although 
this is not possible with the XPS technique due to the high vacuums involved,
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nonetheless, this technique provides valuable supportive, relevant information 
concerning the amounts of protein adsorbed at the surface. Thus, from using a 
combination of these techniques it was possible to make several conclusions. From the 
information collected from treatment of stainless steel with milk, milk dilutions and 
individual milk proteins it would appear that generally, there is an inverse relationship 
between the amount of protein at the surface and the level of bacterial adhesion 
observed. Thus in many cases, the more protein, the fewer organisms attach
The treatment of a stainless steel surface with milk appears to result in a background 
deposition layer on which are distributed further deposits which appear to be roughly 
circular in shape. These structures exceed the dimensions which would normally be 
expected for casein micelles, thus it is possible that some unfolding has taken place. 
However, the literature also suggests an overestimation of lateral size concerning well 
characterised proteins. These apparent differences in size have been reported as being 
10-15 times larger, possibly due to the production of aggregates (Caruso et ah, 1997) 
and 5 times larger than structures indicated by X-ray diffraction (Fritz et al., 1995). 
This may largely be due to tip convolutions. Nevertheless, vertical dimensions 
registered by AFM are far more reliable due to the viscoelastic properties displayed by 
some biological materials (Putman et al., 1994a, 1994b). When combined with bacterial 
adhesion data, it is noted that even this heterogeneous coverage of the surface with milk 
is very efficient at preventing bacterial attachment.
Individual milk proteins w ere also investigated. A  0.5 mM  solution o f  K-casein was 
shown by XPS to  produce a thick layer at the stainless steel surface which was 
supported by ellipsometry data and AFM images o f  rippled protein layers. Little 
underlying substratum w as observed using AFM which correlates w ell with bacterial 
adhesion results, as low  numbers o f  bacteria adhere to the K-casein treated surface. 
According to  the XPS data, treatment w ith a -  and (3-casein produced thinner layers than 
K-casein but thicker layers than the w hey protein a-lactalbumin. The evidence for the 
low er adsorption o f  a-lactalbumin is supported by AFM images, which reported little at
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the surface, and by bacterial adhesion levels which are greatest following treatment with 
this protein.
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CHAPTER 6
GENERAL DISCUSSION AND CONCLUSIONS.
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6.1 -  GENERAL DISCUSSION AND CONCLUSIONS
Adhesion of microorganisms to a wide variety of surfaces is well documented and its 
detrimental effects upon industrial processes have been discussed. More recently, 
attention has been drawn to the possibility of biofilm development taking place within 
the food-processing environment (Notermans et al., 1991; Mattila-Sandholm and 
Wirtanen, 1992; Carpentier and Cerf, 1993; Criado et al., 1994; Zottola, 1994; Zottola 
and Sasahara, 1994; Hood and Zottola, 1995). Bacterial adhesion to surfaces typically 
used in the food industry, such as glass, plastic and stainless steel is reported in several 
instances. Several studies have focused on stainless steel as a milk-contact surface 
(Zottola, 1983; Lewis et al., 1987; Lewis and Gilmour, 1987) and bacteria have been 
shown to proliferate at such surfaces (Speers et a l, 1984; Driessen et a l, 1984), 
Further to their ability to adhere, surface-associated organisms may exhibit an increased 
resistance to sanitisers used in cleaning regimes (Krysinski et a l, 1992; Ronner and 
Wong, 1993). Clearly, an increased knowledge concerning the interactions between 
organisms and surfaces is vital towards developing methods for their control.
It has previously been demonstrated that the presence of food derivatives may influence 
the level of interaction between a bacterium and a surface (Chamberlain and Johal, 
1988). The present project involved the study of stainless steel, a typical milk-contact 
material, and its interaction with milk, milk components and a number of bacterial 
species. Stainless steel AISI 304 was chosen as this is favoured for plant construction 
by the food industry due to its properties of anti-corrosion, non-toxicity and cleanability 
relative to other surfaces (Holah, 1990). The organisms selected for the study were 
S.aureus, L.monocytogenes, Ps.fragi, E.coli and Seri\marcescens. These were chosen 
as representative food-spoilage organisms and food-borne pathogens. The interaction 
between the organisms and stainless steel surfaces was investigated both in the 
presence and absence of surface conditioning layers comprising milk or milk proteins.
A necessary step was to establish a reliable method for enumerating organisms attached 
to a stainless steel surface. The first method investigated was ATP bioluminescence. 
This technique has advantages of being very rapid and relatively sensitive. However, it
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was rejected in this study for a number of reasons. The levels of ATP per cell were 
shown to vary dramatically throughout growth and were particularly low during the 
stationary phase of growth. As the organisms used in the adhesion assays were in the 
stationary phase, this could lead to problems when estimating numbers of attached 
organisms. ATP levels were Anther reduced by the suspending agent used for the 
bacteria QA Ringer’s solution). Other drawbacks include the difficulty of removing 
non-microbial ATP and the inability to distinguish between individual organism types 
in a mixed species environment.
The second technique investigated was the removal of organisms from the test surface 
through the use of sonication. This method aimed to remove the organisms from the 
surface in a viable state so that they could be plated out on media and enumerated. 
Treatment times which proved lethal to a percentage of the organisms were insufficient 
to remove all of the organisms from the surface. It was noted that in the case of 
Serr.marcescens, a number of the colonies produced by the surviving organisms had 
begun to lose their red-pigmentation, which was assumed to be an indication of the 
stress induced by the treatment. This technique also proved to be ineffective at 
removing S.aureus, an organism previously shown to be tenacious in its adsorption to a 
range of surfaces, including stainless steel (McEldowney and Fletcher, 1988). Although 
its use has been documented, frequently this was in association with thicker, gelatinous 
biofilms developed over longer periods of time. With higher numbers of organisms 
involved, residual organisms remaining at the surface will incur a lower level of error. 
In this study where biofilms are developed over a shorter period of time, the error 
induced by organisms remaining at the surface may be larger when compared to those 
present prior to treatment. It was concluded that the removal of the organisms with this 
technique, using the apparatus available, was unsuitable.
Organisms were also found remaining at the stainless steel surface following swabbing. 
Many of these organisms also appeared to be damaged which suggests that the viability 
of those removed may also be impaired. A number of sources error of exist with this 
technique, in part due to a degree of subjectivity with regard to how the surface is 
swabbed. It was concluded that epifiuoresence microscopy would be used for the direct
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enumeration of attached organisms, despite being more labour-intensive. This 
technique has previously been used with success in the area of food hygiene studies 
(Holah e ta l,  1988; Pontefract, 1991; Wirtanen and Mattila-Sandholm, 1994; Hood and 
Zottola, 1997). Although it has been suggested that acridine orange can be used as a 
differential stain, with variation in colour occurring between active and inactive 
organisms (Hobbie et al., 1977) this has been subject to some debate (Pettipher et al., 
1980). For the purposes of this study acridine orange was used as a total stain.
A typical food-industry construction material, stainless steel AISI 304 with a 2B 
surface finish was chosen for the majority of studies. A number of studies were also 
carried out with a smoother finish material. The results concerning the effect of milk 
upon bacterial adhesion appear to agree well with other reports in the literature 
concerning the effects of milk (Czechowski, 1990; Helke et al., 1993). Pre-treating 
stainless steel with skimmed milk prior to bacterial exposure considerably reduced the 
numbers of organisms attaching to the surface following exposure. This effect was 
observed for a number of different species of bacteria. It appears from this work and 
several other reports in the literature that the adhesion of milk to stainless steel may 
actually be beneficial in some respects, as the numbers of organisms adhering to milk- 
coated surfaces are reduced. However, milk-soiled surfaces would not be considered 
desirable in the food industry in terms of hygiene, as further exposure to milk may 
develop thicker layers which could harbour remaining organisms. The increased 
organic load is also likely to effect sanitiser efficacy. The tests carried out in this study 
were conducted over a relatively short time period but the levels of adhesion between a 
2 h and a 6 h bacterial attachment period were not drastically different for either the 
untreated or the milk-treated surface. In some instances, tests involving longer time 
periods (24 h) have demonstrated the ability of some organisms to proliferate at a milk- 
soiled surface (Speers et al., 1984; Lewis et al., 1987) whereas others have not (Speers 
et al., 1994). Thus, although the presence of a milk-layer severely reduces the numbers 
of adherent organisms (which should theoretically be removed by subsequent sanitiser 
treatments) there is no cause for complacency as there is still the potential for 
‘biotransfer’ to take place or proliferation of these organisms to occur.
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It is often assumed that the grade of finish of a stainless steel surface will affect its 
fouling potential, with smoother surfaces generally resulting in lower levels of fouling. 
Previous reports concerning the effect of surface roughness upon bacterial adhesion 
were discussed in Chapter 4 where it was noted that the level of surface roughness may 
also affect the rate at which bacterial deposition occurs. Rates of adhesion were not 
investigated in this study. However, by choosing a second grade of surface finish, the 
effect of surface roughness upon bacterial retention was estimated. CSLM 
demonstrated that the mirror finish surface was indeed considerably smoother than the 
2B surface. The numbers of S.aureus adhering at this smoother interface were found to 
be lower than at the rougher surface. By contrast, the numbers of L.monocytogenes 
were not found to differ. This could be related to the morphology of the organism. 
Due to its smaller size, S.aureus may be offered more protection by surface features. It 
can be seen from the scanning electron micrographs that a number of S.aureus (Figure 
4.9) are located in one of the deeper crevices at the surface of the 2B sample, whereas 
L.monocytogenes (Figure 4.10) appears to show no preference. A similar effect was 
observed following milk treatment with both surfaces resulting in a highly significant 
reduction in attached numbers and indicating that the adsorption of the milk-layer to 
each of the surfaces was similar. This assumption was substantiated by the XPS work 
which indicated that the levels of milk at each of the surfaces were very similar. It 
appeared that the topography of the sample still exerted an effect upon bacterial 
adhesion at the rpilk treated surface, as higher numbers were found to adhere to a 2B 
milk-treated surface than to the mirror milk-treated surface. Such an effect has been 
noted at other surfaces (Taylor et ah, 1998).
A criticism of bacterial adhesion studies has arisen through the use of pure cultures 
(Hood and Zottola, 1995) whereas in an environmental situation, mixed populations are 
more likely. In this work, studies using a mixture of two different bacterial species 
showed little difference when compared with the expected adhesion levels and an 
adsorbed milk-layer did not appear to induce any selection process. Sequential 
attachment of two different organisms also appeared to result in little enhancement or 
reduction in adhesion. McEldowney and Fletcher (1987) observed various 
enhancement or reduction effects resulting from mixed and sequential adhesion of
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bacteria onto surfaces. In many cases, this group also reported neither higher nor lower 
levels of adhesion arising from mixed culture adhesion. In instances where adhesion 
was promoted, it was noted that direct cell to cell contact was not needed for the 
promotion of adhesion as frequently cells were still widely separated. In this study too 
it was noted that cells were usually separated by some distance, although little 
interactive effect was observed in terms of promotion or reduction of adhesion.
McEldowney and Fletcher (1987) also comment that complete monolayers of cells are 
rarely observed. Either site availability or electrostatic repulsion between cells may be 
responsible for this. If suitable attachment sites are scarce then competition may be 
important in determining the successful colonisers at the surface. Competition for 
attachment sites did not seem to be a problem in this study as mixed and sequential 
adhesion did not alter the numbers adhering by very much. However, exposing a 
S.aureus sample to a surface already colonised by this organism resulted in only a few 
further adhesions (approximately 28%). When L.monocytogenes was exposed to a 
surface already occupied by S.aureus, this organism was able to attach in its full 
numbers. It did not appear to be associated with the S.aureus. This may suggest that a 
limited number of sites exist for specific organisms.
Relationships between organisms in a multi-species biofilm are important and varied 
(James et al., 1995) and may confer benefits upon individual members. The ability of 
the organisms used in this study to utilise casein proteins was discussed (Chapter 4). 
The inability of L.monocytogenes to hydrolyse milk proteins on milk agar plates was 
demonstrated and confirmed the finding of others (Marshall and Schmidt, 1991). 
However it has been found that in milk, the growth of L.monocytogenes may be 
enhanced by the presence of other bacteria which are able to hydrolyse protein (Farrag 
and Marth, 1991; Marshall and Schmidt, 1991). At the surface, such interactions do not 
seem to occur. Despite S.aureus being able to utilise milk proteins, no enhancement of 
the adhesion of L.monocytogenes was observed in its presence. As the two organisms 
were generally not observed together, the presence of S.aureus may confer no effect 
upon L.monocytogenes in terms of providing nutrients, if indeed the surface-bound 
protein is susceptible to enzyme attack. A further possibility is that the organisms
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adhere in regions where milk-deposits are not present so again Listeria would gain no 
benefit from the presence of a proteolytic organism. If such interactions require the 
production of signal molecules, it is possible that a more obvious effect would have 
developed after a longer time period more effect may have been observed. Such 
processes may also be influenced by the suspension medium which does not allow 
growth of the organisms during the incubation period, which in turn could inhibit signal 
production.
The observed effect of an adsorbed milk layer on attachment was to decrease adhered 
numbers of adherent cells. A variety of factors affect bacterial adhesion and several of 
these may be involved in the effect produced by treating the surface with milk and milk 
proteins. Fletcher and Marshall (1982) found that treatment of two surfaces with 
protein resulted in a change in the measured contact angle and observed, in most cases, 
that contact angle could be related to the amount of bacterial adhesion taking place. 
Yang et a l  (1991) found that treatment of a hydrophilic surface with P-lactoglobulin or 
a milk-film rendered the surface more hydrophobic. Lo (1992) also found that milk- 
treated stainless steel became more hydrophobic. It has previously been reported that 
L.monocytogenes prefers hydrophobic surfaces (Mafu et al., 1991) and therefore an 
increase in adhesion may have been expected. However, since this was not observed, 
other factors are clearly having a greater impact on the process.
Fletcher (1976) concluded that in order to be able to affect attachment, proteins must be 
able to affect at least one of several components of the attachment mechanism: the 
bacterial surface, the substrate surface, the surrounding medium or some permutation of 
these three. Work has previously been cited where proteins in solution have affected 
bacterial attachment. Milk as the suspension medium has previously been shown to 
reduce attachment (Suarez et al., 1992; Helke et al., 1993) or to have no effect (Speers 
and Gilmour, 1984). Speers and Gilmour (1985) found an increase in attached numbers 
when whey proteins were present in solution and Meadows (1971) observed an increase 
in attachment in the presence of casein (type not specific). The literature suggests that 
the effect of adsorbed protein layers on bacterial adhesion may be the result of a variety 
of factors including bacterial species or strain, the nature of the substratum, growth
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medium and the adsorbed protein itself (Al-Makhlafi et al., 1994; Al-Makhlafi et al., 
1995; Hood and Zottola, 1997). In this study, treating stainless steel samples with milk 
or individual proteins before exposing to bacteria reduced bacterial attachment. It was 
shown that for both S.aureus and L.monocytogenes that the caseins produced the 
greatest effect in terms of reduction and that this effect was least pronounced with a- 
lactalbumin treatment. Reynolds and Wong, (1983) concluded that the effect of 
adsorbed protein upon bacterial adhesion was due to both long-and short-range forces. 
They demonstrated that acidic proteins (including caseins and a-lactalbumin) decreased 
bacterial adhesion to hydroxyapatite whereas basic proteins increased attachment or 
had no effect. The authors postulated that the acidic proteins (net negative charge) 
resulted in long-range effects with an increase in the electrical double layers creating a 
potential energy barrier which prevents the approach of the bacterium to the surface. In 
contrast, the basic proteins create a net positive charge at the surface, facilitating the 
approach of the bacterium through ionic interactions. Within the acidic group of 
proteins, the percentage of acidic residues was negatively correlated with the number of 
bacteria adhering. The percentage of non-polar residues was positively correlated with 
adhesion. Within the basic group of proteins, the number of basic residues was 
positively correlated with adhesion. The results suggest the involvement of long-range 
electrostatic interactions and short-range hydrophobic interactions. Abbot et al. (1983) 
observed that the effect of adsorbed protein upon adhesion varied with ionic strength 
indicating the involvement of electrostatic interactions. This group also considered 
steric influences to be important. Fletcher (1976) found that surface charge density did 
not affect the ability of proteins to interfere with attachment and suggested that the 
method of inhibition is probably one relating to non-electrostatic repulsion 
mechanisms, such as steric exclusion, whereby the proteins create a ‘molecular scaffold 
system’ which prevents adhesion. Helke et al. (1993) demonstrated that in most 
instances, pretreatment studies involving milk inhibited attachment, either by 
interaction with the bacterial cell or with the substratum. The repulsion between the 
negatively charged proteins and the negatively charged bacterial surface could account 
for this.
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Involvement of steric forces was demonstrated by the pretreatment of an adsorbed 
milk-layer with glutaraldehyde before allowing bacterial adhesion to take place. 
Although numbers of attached bacteria were less than those adhering to the untreated 
surface, a significant increase was observed. It is known that the glutaraldehyde cross­
links the protein chains from the milk-layer. This is believed to flatten the protein layer 
to some extent. Fritz et al. (1995) found that treatment with glutaraldehyde reduced the 
size of protein molecules adsorbed to mica, as determined by AFM. It was previously 
demonstrated that treatment of a milk-layer with formaldehyde has no effect upon the 
attached bacterial population (Lo, 1992). Although formaldehyde may cross-link, this 
occurs over a shorter distance by means of methylene-bridges. It is also possible to 
reverse this cross-linking by extensive rinsing. Both of these factors may contribute to 
the continued inability of the bacteria to reach the surface following this treatment.
Previous work involving surface modification with hydrophilic polymers has indicated 
a number of factors crucial for effective steric repulsion: tight anchoring to the surface, 
complete surface coverage and flexibility of the molecules (McPherson et al., 1995). 
McPherson et al. (1995) observed that the surface density of the grafted chains 
necessary for the prevention of protein adsorption varies with the thickness of the 
grafted layer which is also related to the molecular weight of the grafted chains. As 
molecular weight decreases, the surface density necessary for repulsive energy 
increases. Such conclusions may suggest why a-lactalbumin and casein hydrolysate 
were less successful at preventing bacterial adhesion, both of which have lower 
molecular weights than the caseins. XPS has also demonstrated that less a-lactalbumin 
was present at the surface. Unfortunately, no XPS data was obtained for casein 
hydrolysate. Although direct observation of secondary and tertiary structures has not 
been possible as caseins are not crystallisable (Swaisgood, 1993) the structures are 
predicted as being more flexible than the globular proteins. Thus, it may be expected 
that they would produce layers with larger dimensions at the surface of the sample, 
which may serve to increase steric effects. Several methods have demonstrated that the 
structure of ic-casein is responsible for the ‘hairy micelle’ or ‘polymer hairs’ resulting in 
the steric stabilisation of casein micelles (Dalgleish, 1987; Horne and Leaver, 1995). 
^^^NMR studies of casein micelles assigns a high flexibility and mobility to the flexible
270
Chapter 6 -  General discussion and conclusions
polypeptide chains of the C-terminal region of ic-casein, forming a water rich 
proteinaceous layer around the micelle which prevents aggregation. In the work carried 
out in this study, ic-casein was found to be very effective at reducing bacterial adhesion. 
The XPS information indicated a general trend that as the amount of nitrogen at the 
surface decreased, the amount of organisms adhering increased. In the milk dilution 
worlc, there appears to be a jump in the numbers of bacteria attaching between either 
the 10'  ^ and 10'  ^ dilutions or the 10^ and lO "* milk dilutions. It is interesting to note 
that Helke and Wong (1993) found that in solution, dilutions of whole milk were found 
to reduce bacterial attachment at stainless steel surfaces to some extent down to a 
dilution of lO'"^ . As further dilutions were not reported upon, it is not possible to say 
whether increased dilution would have caused a further effect. However, in their study, 
a substantial increase in adhesion was observed between the undiluted and the 10'* 
dilution. It is Icnown that proteins may undergo restructuring and conformational 
alterations at surfaces as a result of interfacial forces (Brash, 1985) and concentration 
effects. Reorientation may occur whereby a particular group is preferentially oriented 
towards either the solution or the surface and conformation may also differ on various 
surfaces, as indicated by angle-resolved XPS studies produced by Ratner et al. (1981), 
Subirade and Lebugle (1994) and Baty et al. (1996). Such knowledge would provide 
further insight into the effect of milk dilutions upon bacterial adhesion to the stainless 
steel surface. It is possible that a conformational change is occurring at this point 
which is allowing a higher level of bacterial adhesion to take place. It is believed that 
the protein layer became more spread out at the surface and in effect ‘flatter’ as the 
concentration in solution decreased, allowing organisms closer to the sample surface 
and therefore resulting in a greater number attaching. To confirm this, detailed 
conformation studies would be required. More complex studies using angle-resolved 
XPS may provide some of the answers, but this has the drawback of being a high 
vacuum technique.
In natural systems, the acquisition of a primary conditioning film has been shown to 
occur after periods as short as a couple of minutes (Baier, 1973). The ability of casein 
to adsorb to stainless steel surfaces has previously been demonstrated (Berridge and 
Spurlock, 1976) and adsorption of milk proteins to this surface has also been shown to
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take place rapidly (Nisbet and Langdon, 1977). Deposition of milk protein at high 
energy substrata such as stainless steel may be greater than for other surfaces (McGuire 
and Swatzel, 1989). The AFM images of milk adsorbed to the stainless steel surface 
suggest that coverage may consist of a thin, general background layer, with a Airther 
layer consisting of circular deposits (in 2 dimensions). Milk micelles are described as 
being roughly spherical, yet it is clear from the dimensional analyses that the structures 
at the surface of the stainless steel are not spherical, far exceeding the expected 
dimensions in the lateral plane and being far smaller in the vertical plane. The vertical 
dimensions do exceed those reported by Nisbet and Langdon (1977) who estimated 
milk layer thicknesses of 2.6 nm. Their result represented an average thickness 
whereas the layer is clearly heterogeneous in its coverage of the surface and therefore 
the effect of different regions on adhesion of bacteria could vary considerably.
If the structures adsorbed are indeed micelles, it would appear that they have unfolded 
to a certain extent and undergone some rearrangement. Electrophoresis work carried 
out by Lo (1992) demonstrated that adsorbed milk proteins were present at the surface 
of stainless steel in approximately the same proportions as they are found in milk, 
which suggests the initial adsorption of casein micelles. Nordman-Montelius and Von 
Bockelmann (1985) investigated raw milk deposits on non-heated polymer surfaces and 
suggested that after 15 minutes of adsorption time, the predominant materials at the 
surface were a- and K-casein, with smaller amounts of (3-casein. This information 
suggests the adsorption of the casein micelle. After 30 minutes of adsorption, the 
signal obtained indicated a small increase in the K-casein signal but a larger increase in 
the a-casein signal. A weak signal was also obtained for a-lactalbumin. The authors 
concluded that either a total rearrangement of the casein micelle occurred as a result of 
environmental changes or that the action of active enzymes such as proteases had split 
the peptide bonding in the proteins. Protease action is unlikely in this study as the milk 
used is ultra heat-treated. The AFM results would certainly be consistent with a 
rearrangement of the casein micelle. The lack of calcium as determined by XPS could 
also indicate a breakdown in micelle structure. Submicelles exhibit a high degree of 
conformational flexibility which is lost upon incorporation into the casein micelle. 
Calcium depletion results in a dramatic increase in intensity of the mobile component.
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The images produced in the contact mode of operation were difficult to interpret and 
some of the reasons for this have previously been discussed in Chapter 5. However, 
care must be taken not to dismiss what could be valuable information. The 'fuzzy' 
images produced by the contact mode of imaging suggested a more tightly bound layer 
existed at the surface surmounted by a more loosely bound layer. This essentially 
includes material which is not sufficiently bound along its whole length to prevent 
dragging by the AFM tip. The literature describes several possibilities for protein 
conformation at surfaces and many of these involve loop and train models as described 
by Norde (1981) and Horne and Leaver (1995). These involve a number of the 
polymer segments bound at the substratum surface, whilst other segments loop into 
solution. This concept is illustrated in Figure 6.1 representing P-casein adsorbed at an 
interface.
5 0 2 0 9
Figure 6.1 -  The loop-and-train model for P-casein adsorbed at an interface. The loop 
protrudes into the aqueous phase whilst the train lies close to the surface. The figures on
the diagram indicate residue number.
(From Horne and Leaver, 1995)
Dalgleish (1990) determined interfacial layers of P-casein 15 nm thick, with similar 
results being obtained for other proteins. Dickinson et a l  (1993) examined p-casein 
monolayers at the oil/water and air/water interface with neutron reflectivity and 
described inner layers of 2 nm directly at the interface with a more tenuous layer of 
thickness 5-7 nm extending into the aqueous phase, representing approximately 20% of
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the molecule. Such a model is supported by enzymatic cleavage tests (Dalgleish and 
Leaver, 1991). The degree to which these ‘loops’ extend into solution is determined by 
electrostatic interactions (Brooksbank et al., 1993). Two-layer models have also been 
described for BSA (1.1 nm + 2 nm) with slightly thinner layers described for (3- 
lactoglobulin (2 nm). If the micelle structure has broken down, which seems likely, the 
unfolded structure may reveal conformations such as those described above.
The contact mode of imaging is harsh when compared to that of the Tapping Mode™ 
possibly contributing to the shaky images. However, considering the model given 
above for the adsorption of proteins, it is possible that these images attributed to 
‘loosely bound’ material could actually be related to the ‘loop’ segments extending into 
the solvent solution. This could also explain the apparent presence of a more tightly 
bound layer in terms of the protein ‘trains’ at the surface. Although the contact mode 
images cannot conclusively describe this model, as many other factors must be 
considered, neither are they inconsistent with such a theory. Such a model would also 
fit with the glutaraldehyde results which suggest that bacterial adhesion, which may 
normally be redpced through loops or chains protruding into solution, is enhanced 
when their mobility is restricted. Electron microscopy work carried out by Almas and 
Lund (1984) describes milk deposits as consisting of two types of layer. Observing 
milk adhesion to stainless steel at a higher temperature (60°C), this group noted the 
formation of a thin layer of a fibrous nature, closely related to the topography of the 
surface. On top of this layer was a more loosely bound, compact layer, 30-50 nm in 
thickness. This would certainly correlate well with the results obtained by AFM of the 
stainless steel surface following milk treatment, where values up to 52.4 nm were 
obtained for milk deposits. However, it should also be taken into consideration that 
their subject material would be dehydrated due to high vacuum. These workers also 
observed two types of spherical structure embedded within this layer, one of which (5.3 
pm) was attributed to fat globules and the second (0.7 pm) was tentatively suggested as 
being casein micelles. No spherical structures were observed in the AFM work, as 
previously discussed.
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Schrader (1982) has suggested that organics may bind onto some surfaces as ‘islands’ 
and that bacteria attach to these islands. This study suggests the contrary. The 
appearance of the milk-treatment on the stainless steel could be described as creating 
‘islands’. Due to the reduction in attached numbers following milk treatment, it would 
seem that there are fewer suitable adhesion sites remaining at the surface, thus it 
appears that the bacteria are attaching between these sites rather than to them. The 
dimensions measured by ATM for the structures at the milk-treated stainless steel 
surface are highly variable, although regions existing between these islands appear to 
be unoccupied or occupied by an extremely thin layer. This may suggest that additional 
protein is moving onto the surface but is building up on top of the existing protein 
deposits. Detailed time-resolved studies would be required to determine this.
It would seem that the adsorption of ic-casein at the higher concentration also results in 
a multi-layer formation as adsorption at a lower concentration provides radically 
different images. Multi-layers of ic-casein have been reported to form at air/water 
interfaces (De Feijter et al., 1978) and multi-layers of BSA at polymeric surfaces, when 
adsorbed under static conditions (Lee and Ruckenstein, 1988). It is interesting to note 
that the dimensional analyses for the lower protein concentration are less varied, 
perhaps suggesting a more regular packing of the layer. It appears likely that the 
structures measured are aggregates of molecules as the lateral dimensions far exceed 
those that would be reasonably expected for such molecules. AFM studies have 
previously distinguished between high and low concentrations of (3-casein at mica 
surfaces where the lower coverage revealed flat molecular networks of globular 
structures with ‘blank’ regions in between (Gunning et al., 1996b). Higher levels of 
coverage revealed few voids between the structures. Heights were demonstrated to 
vary only marginally between the two samples, although it was noted that at higher 
concentrations, the structures appeared to occupy less area. Height variations between 
the higher and lower concentrations used in this study were also observed, although it 
does not appear that at higher concentrations the structures observed occupy less space. 
Imaging of surfaces following a-lactalbumin adsorption revealed no obvious deposition 
at the surface while milk produced distinct structures. Previously, ellipsometry studies 
have demonstrated a-lactalbumin layers at metal surfaces in the region of 5 nm at
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approximately 25° (Hegg and Larsson, 1981). However, in their study, the protein was 
dissolved in milk serum. Reports also show that this protein adsorbs in lower amounts 
to hydrophilic surfaces than to hydrophobic surfaces (Suttiprasit and McGuire, 1992; 
Kridashima et al., 1993). The data obtained here correlate very well with those 
obtained for bacterial adhesion studies. Pre-treatment with milk and all proteins 
reduced adhesion, but the reduction in bacterial attachment induced by a-lactalbumin 
was less than with the other proteins. The AFM images suggest that the reason for this 
is that less protein is actually present at the surface. This is supported by the XPS 
results which indicate that the atomic percentage of nitrogen at the stainless steel 
surface following a-lactalbumin adsorption is the lowest of the protein treatments. The 
AFM image of the a-lactalbumin layer produced no detail at all compared to the other 
surface coatings whereas the images of the milk-treated surface produced a very 
distinct surface appearance. It is likely that the conformation of the proteins at the 
surface plays an important role such that imaging was far more readily achieved with 
the milk and casein-treated surfaces. The a-lactalbumin layer may have produced a 
very thin, flat and sparse layer and indeed the XPS calculation indicates that this 
protein produces the thinnest layer of all at the stainless steel surface. It has been 
reported that adsorbed BSA, another globular milk protein, on a negatively charged 
stainless steel surface forms a close-packed monolayer near the isoelectric point, but 
sparser layers at either side of it. No evidence for multi-layer formation was obtained 
even at high surface coverage (Fukuzaki et al., 1995). Mori and Imae (1997) observed 
the adsorption of BSA at mica surfaces using AFM and noted multi-layer adsorption 
after 1 minute, at pH 6, with the molecules adsorbed in a ‘side-on’ arrangement. 
Fukuzaki et al. (1995) demonstrated that the maximum amount of BSA increased with 
increasing ionic strength which could explain the disparity between their data set and 
that of Mori and Imae (1997).
Although the effects of a protein conditioning layer upon bacterial attachment have 
previously been demonstrated under a variety of circumstances, the reasons behind the 
effect are less understood. Few reports address the reasons as to why some bacteria are 
still able to attach to the coated surfaces. The use of a visual technique obviously 
provides a great advantage in this quest over those techniques producing information
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which averages surface characteristics from the complete sample. Used together 
however, much insight is gained. AFM is a relatively recently developed technique 
(Binnig et al., 1986) and many avenues continue to be explored with this powerful tool. 
With respect to milk proteins, some work has been carried out on BSA due to its well- 
characterised nature, but there is little literature concerning the imaging of casein milk- 
proteins using AFM. Also to my knowledge, the use of the newly developed phase 
imaging for this application has not been described. An apparent lack of literature also 
suggests that this technique has not been previously implemented for the examination 
of surfaces treated with complete milk. Likewise, there appears to be no literature 
concerning the XPS evaluation of milk proteins at metal surfaces. Although some 
analysis of milk proteins with ellipsometry has been carried out, this often describes 
studies involving more dilute solutions and rarely deals with the type of surface used 
here. It appears that no-one has before attempted to bring together this set of 
techniques in order to describe milk-protein conditioning layers and subsequently use 
this information to attempt to explain bacterial behaviour at such surfaces. Thus an 
approach combining these powerful techniques for this particular application may be 
considered novel. As far as possible an attempt was made to maintain the original 
stainless steel surface used for bacterial adhesion (as described in Chapter 5) although 
some modifications were necessary in terms of polishing. However, model surfaces 
were not chosen for the study, hence, the work carried out has provided a considerable 
amount of new information directly concerning the heterogeneity of milk protein 
coverage at the stainless steel interface. Despite having produced some useful 
information, the ellipsometry did not always correlate well with the other data and it 
appears that the models used to describe these layers require further development. 
Correlation between the two types of data provided by AFM and XPS appear to be 
good, each complementing the other. A relationship was apparent between the amount 
of nitrogen present at the surface as determined by XPS and the images of the protein 
covered surfaces as produced through AFM analysis. These two pieces of information 
also showed strong trends relating to bacterial adhesion. The results produced could 
prove to be useful in areas of work such as anti-fouling coating technology, where 
knowledge of how bacteria interact with coated surfaces is of great importance.
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6.2 -  FUTURE WORK
The scope and potential for the use of AFM in a project such as this one is vast and 
future work involving AFM could significantly advance the field of protein adsorption 
and its role in bacterial adhesion. The first step would be to complete the series of milk 
proteins and carry out imaging upon stainless steel following adsorption with a-casein, 
P-casein and perhaps p-lactoglobulin, as this is one of the better-characterised milk 
proteins. It would be interesting to note whether the structure of these proteins at solid 
interfaces is similar to that of K-casein. All of the caseins, when pre-coated onto a 
stainless steel surface, caused reduced attachment of the bacteria tested. However, ic- 
casein is derived from the external region of the casein micelle, the hydrophilic region, 
whereas both a- and P-casein form the inner hydrophobic core region. Thus, their 
structure upon a hydrophilic steel surface may differ. It may also be of use to image 
surfaces treated with milk dilutions, as used in bacterial tests and XPS analysis. 
Suggestions of conformational change may be corroborated using such a technique. 
With additional work, elucidation of protein build-up at the surface over time could be 
achieved and possible re-orientations monitored.
Several workers have used AFM to indicate the association between bacterial biofilms 
and the incidence of corrosion (Bremer et ah, 1992; Steele et al., 1994; Beech, 1996). 
Beech et al. (1996) used in situ AFM to obtain both qualitative and quantitative data 
from biofilms developed on steel surfaces. Steele et al. (1995) had previously 
produced similar information for mixed culture biofilms on stainless steel. Although 
ambitious, it is proposed that this technique could be used for similar purposes in this 
study. It has been shown in this study that protein coating generally does not 
completely prevent adhesion but merely reduces it considerably. If the complete 
system could be imaged with AFM, it may be possible to see whether cell adhesion is 
taking place at gaps within the protein layer, where the steel surface is visible, or 
perhaps at a region where the proposed multi-layer is not complete. Although the 
adsorption of the bacteria may mask to some extent the surface-adsorbed features, if for 
example S.aureus was used, the diameter of this organism may be less than the 
diameter of some of the adsorbed material measured in this study. Work has been
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described using AFM in conjunction with optical microscopy (Vesenka et al., 1995). 
This could prove useful if such work as that described above was to be attempted, as 
location of areas with cells attached may be difficult using the AFM alone.
Another possibility for the use of AFM would be to measure interactions between the 
bacterial cells and the protein-coated surface. Some study has already shown 
promising results involving direct measurements of interactions between protein layers 
using AFM and the colloid probe technique (Bowen et al., 1998). Often being 
described as colloidal particles, a similar method could possibly be developed for 
bacterial cells. This would require anchoring the cells to the tip, scanning across the 
surface and measuring the interactions between the bacterial cell and the protein- 
coating. This technique is essentially force-mapping, which constructs force-curves 
highlighting differences in attraction, repulsion and adhesion properties (Described in 
Kasas et al., 1997a). Such ‘non-imaging’ applications have already been used to sense 
force interactions between a variety of molecules such as avidin-biotin (Moy et al., 
1994), cell-adhegion proteoglycans (Dammer et al., 1995) and antigen-antibody 
complexes (Dammer et al., 1996). Techniques such as NMR could also provide 
valuable information. This technique allows the measurement of molecular flexibility 
and hence could be a way of correlating protein characteristics with their ability to 
reduce bacterial adhesion.
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APPENDIX 3
Benzéthonium chloride extractant
MgSO4.7H20 1.8488 g
EDTA (disodium) 0.3723 g
HEPES 5.9578 g
Benzethonium chloride (C27H4 2CINO2) 1.0000 g
RO water l.OOOOL
APPENDIX 4
Typical values for the composition of cow’s milk.
Proximate composition Protein composition
Constituent g L ' Constituent gL "
Fat 37 Casein 26.0
True protein (N x 6.38) 32 O^sl 10.4
Non-protein N 0.19 Os2 2.6
Lactose 48 P 9.1
Ash 7.0 Y 1.3
Calcium 1.25 K 2.6
Phosphoms 0.96 Other micelle components:
Magnesium 0.12 Calcium 0.8
Sodium 0.58 Magnesium 0.12
Potassium 1.38 Phosphorus:
Chloride 1.03 Organic 0.32
Sulphur 0.30 Inorganic 0.66
Citric acid 1.75 Citrate 0.18
CO2 0.20 a-lactalbumen 0.7
P-lactoglobulin 3.0
Serum albumin 0.3
Immunoglobulin (Ig) 0.6
Lactoferrin >0.018
(From Banks and Dalgleish, 1990)
APPENDIX 5
/s* ^4//I ^Pm ^P jn ' ^^ 1/1 ^Pm 3p)i Jrfj,, • •tPm 4K i-l 4 , M, ii/ii A/|i Sty K, Nil
1 H 14
2 He 25
3 Li 55
4 Be 111
5 B 188 5
6 C 284 7
7 N 399 9
8 0 532 24 7
9 F 686 31 9
10 Nc 867 45 18
11 Na 1072 63 31 1
12 M b 1305 89 52 2
13AI 118 74 73 1
14S i 149 100 99 8 3
15 P 189 136 135 16 10
16S 229 165 164 16 8
17 Cl 270 202 200 18 7
ISA 320 247 245 25 12
19K 377 297 294 34 18
20 Ca 438 350 347 44 26 5
21 Sc 500 407 402 54 32 7
22 Ti 564 461 455 59 34 5
23 V 628 520 513 66 38 2
24 Cr 695 584 575 74 43 2
25 Mil 769 652 641 84 49 4
26 Fc 846 723 710 95 56 6
27 Co 926 794 779 101 60 3
28 Ni 1008 872 855 112 68 4
29 Cu 1096 951 931 120 74 2
30 Zn 1194 1044 1021 137 87 9
31 Ga 1298 1143 1116 158 107 103 18 1
32 Gc 1413 1249 1217 181 129 122 29 3
33 As 1 1359 1323 204 147 141 41 3
34 Sc 232 168 162 57 6
35 Br 257 189 182 70 69 27 5
36 Kr 289 223 214 89 24 11
37 Rb 322 248 239 112 111 30 IS
38 Sr 358 280 269 135 133 38 20
39 V 395 313 301 160 158 46 26
40 Zr 431 345 331 183 180 52 29
41 Nb 469 379 363 208 205 58 34
42 Mo 505 410 393 230 227 62 35
43 Tc 544 445 425 257 253 68 3944 Ru 585 483 461 284 279 75 43
45 Rii 627 521 496 312 307 81 4846 Pd 559 531 335 86
47 As 717 602 571 373 367 95 62
48 Cd 770 651 617 411 404 108 67
49 In 826 702 664 451 443 122 77
50 Sn 884 757 715 494 485 137 89
51 Sb 944 812 766 537 528 152 99
52 Tc 1006 870 819 582 572 168 110
531 1072 931 875 631 620 186 123
54 Xc 1145 999 937 685 672 208 147
55 Cs 1217 1065 998 740 726 231 172
56 Da 1293 1137 1063 796 781 253 192
57 La 1362 1205 1124 849 832 271 206
58 Cc 1435 1273 1186 902 884 290 224
59 Pr 1338 1243 951 931 305 237
60 Nd 1403 1298 1000 978 316 244
61 Pm 1357 1052 1027 331 255
62 Sm 1421 1107 1081 347 267
63 Eu 1161 1131 360 284
64 Cd 1218 1186 376 289
65 Tb 1276 1242 398 311
66 Dy 1332 1295 416 332
67 Ho 1391 1351 436 343
68 Er 1453 1409 449 366
69 Till 472 386
70 Vb 487 396
71 Lu 506 410
72 Hf 538 437
73 Ta 566 465
74 W 595 492
75 Rc 625 518
76 Os 655 547
77 Ir 690 577
78 Pi 724 608
79 Au 759 644
8011g 800 677
81 TI 846 722
82 Pb 894 764
83 Bi 939 806
84 1\> 995 851
85 AI 1042 886
86 Rn 1097 929
87 Fr 1153 980
88 Ra 1208 1058
89 Ac 1269 1080
90 Tb 1330 1168
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